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ABSTRACT 


i* 


\. 


The  method  of  reducing  the  reflection  losses  at  glass  surfaces  by 
depositing  thin  films  of  magnesium  fluoride,  calcium  fluoride,  or  sodium 
aluminum  fluoride  on  the  glass  by  evaporation  in  high  vacuum^  as  perfected 
by  Cartwright  and  Turner /f  has  been"  investigated  in  "detail';  The  action 
of  the  films  depends  on  two  things:  first,  their  refractive  indexes 
are  much  lower  than  the  refractive  index  of  glass  so  that  even  a  thin 
layer  of  the  film  material  reduces  the  reflection]  and  second,  when  the 
films  are  made  to  be  one-quarter  wave-length  thick  for  any  chosen  vave- 
length,  a  minimum  of  reflected  light  intensity  results  from  interference 
of  the  waves  reflected  from  the  front  and  back  surfaces  of  the  film. 

The  effect  of  film  thickness  is  illustrated  by  a  calculation  of  the 
transmission  for  monochromatic  light  of  a  glass  plate  of  refractive  index 
1»65  coated  on  both  sides  with  cryolite  films  assumed  to  have  a  refractive 
inda*  of  1.35,  a  reasonable  value.  .  The  results  of  the  calculations  are: 


Transmission  of  bare  glass 


Transmission  of 
very  thin 


coated  vrith 
interference) 


ssion  of  glass  coated  with 
films  of  optical  thickness  one- 
fourth  wave-length 


38.4  per  cent 


93.7  per  cent 


99,6  per  cent 


i 

The  films  are  most  effective  when  their  optical  thickness  is  one-fourth 
Ihe  wave-length  of  green  li  jvt,  about  5500  AU,  in  the  middle  of  the 
visible  spectrum  where  the  eye  has  maximum  sensitivity.  .Films  of  this 
thickness  reflect  red  and  blue  light  more  strongly  than^een  and  so 
appear  purple  wh en  examined  in  reflected  light.  The  effect  of  reducing 
the  reflection  by  the  glass  is  to  increase  the  transmissiro;  the  trans¬ 
mission  of  white  light  by  a  single  crown  glass  surface  raayVoe  increased 
from  %  per  cent  to  99  per  cent  by  a  purple  magnesium  fluorWe  film. 

The  spectral  transmission  curve  of  such  a  coated  surface,  deduced  from 
measurements  on  several  plates  coated  with  the  films ,  may  be  93.1  per  cent 
at  4000  AU,  99.2  per  cent  at  5500  AU,  and  06.2  per  cent  at  6000  AU. 

’•/hen  the  white  light  transmission  is  measured  with  the  eye  as  receiver, 
the  value  obtained  is  usually  about  equal  to  the  spectral,  transmission 
n®«r  the  middle  of  the  spectrum  where  the  (purple)  film  has  highest 
transmission,  because  the  eye  sensitivity  is  low  in  the  blue  and  the 
red. 


Films  of  magnesium  fluoride  and  sodium  aluminum  xluoride  (cryolite) 
are  hard  enough  "to  withstand  the  handling  necessary  for  the  assembly  of 
Instruments ,  when  the  evaporation  takes  place  at  pressures  lower  than  10“ 
Hgj  films  of  calcium  fluoride  are  soft  and  easily  wiped  off.  Magnesium 
fluoride  films  can  be  further  hardened  by  heating  to  400°C#  Tnis  is  not 
necessary  except  for  external  optical  parts  subjected  to  xrequent  cleaning; 
tt  Is  perhaps  better  to  leave  such  surfaces  uncoated.  Magnesium  fluoride 
Fil*  ore  harder  than  cryolite  films;  either  should  be  satisfactory  for 
Protected  optical  parts  •  Immersion  in  water  f  or  several  days  does  not 


Impair  the  optical  properties  of  the  films  although  it  softens  them. 
They  tan  be  made  -water  proof  by  waxing  but  with  serious  impairment  of 
the  optical  properties, 

tha  evaporation  process  and  suitable  pumping  systems  for  producing 
the  requisite  high  vacua  are  discussed  in  detail. 


I*  AUTHORIZATION 
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Description  of  the  Films 

^2.  This  report  describes  the  properties  of  thin  films  of  metallic 
fluorides  which,  -when  deposited  in  the  proper  thicknesses  on  "lass  surfaces 
by  the  method  of  evaporation  in  high  vacuum,  reduce  appreciably  the  losses 
of  -light  due  to  reflection  end,  therefore,  increase  the  transmission. 
Another  effect  of  the  diminution  of  reflected  light  is  to  decrease  the 
intensity  of  field  light  with  resultant  improved  contrast  and  effective 
resolving  power  in  both  visual  and  photographic  instruments. 

%■,  3.  Vfhile  the  optical  phenomena  upon  vliich  the  action  of  the  films 
depends  and  the  method  by  vhich  they  are  prepared  have  been  long  familiar, 
it  remained  for  Cartv/right  and  Tumer(l)  to  achieve  practicability  for  the 
process  by  demonstrating  that  optical  instruments  so  treated  withstand 
ordinary  usage  and  show  greatly  improved  performance  over  3imilar 
untreated  instruments,  tiuch  of  the  information  included  in  this  report 
was  obtained  during,  the  period  of  a  month  that  Dr,  Cartwright  spent  ir. 
residence  at  this  Laboratory. 

4.  The  historical  development  of  methods  for  increasing  the 
transmission  of  optical  surfaces  has  been  outlined  by  Cartwright  and 
'burner (1),  Turner(2),  end  91odgett(S).  ‘.foile  at  present  the  evaporated 
film  method  is  optically  the  most  effective  practical  means  of  achieving 
the  result,  advances  continue  to  be  made  in  chemical  treatment  of  glass 
surfaces.  A  recent  abstract  by  Jones  and  Homer (4)  describes  a  method 

of  treating  freshly  prepared  glass  surfaces  with  dilute  acid  solutions 
'i«iich  ,  involves  the  formation  of  a  transparent  surface  film  of 
silica,  by  the  removal  of  the. hi  her  refractive  index  oxides  to  a  depth 
approximately  equal  to  one-fourth  the  wave-length  of  the  light  for  which 
maximum  transmission  is  desired  ....  The  surface  film  is  not  noticeably 
^Afferent  from  the  base  glass  in  hardness.  The  gain  in  light  transmission 
2nd  the  decrease  in  surface  reflection  is  slightly  less  than  that  produced 
7  evaporated  films  of  materials  of  lower  refractive  index,  than  silica." 

Evaporated  Films:  Summary  of  Known  Facts 

5.  This  report  deals  only  with  evaporated  films  of  magnesium 
~lorfde>  calcium  fluoride,  and  sodium  aluminum  fluoride  (cryolite)  for 
saucing  reflection,  and  zinc  sulphide  for  increasing  the  efficiency  of 

*  aif  reflecting  mirrors.  Facts  that  have  been  determined  experimentally 
ape  summarized  below. 

(a)  Evaporated  films  of  the  fluorides  one-quarter  wave-length 
of  green  light  thick  increase  the  over  all  transmission 
of  a  single  crown  glass  surface  for  visible  light  from  96 


per  cent  to  about  99  per  cent*  These  figures  represent  a 
decrease  in  reflection  loss  of  75  per  cent. 

Ihils  all  the  compounds  named  are  suitable  for  use  on 
protected  optical  parts,  magnesium  fluoride  forms  the  hardest 
and  most  durable  films,  and  these  films  can  be  further  hardened 
by  heating  to  400*C* 

Cryolite  films  are  moderately  hard  when  deposited  at  low 
pressures  but  cannot  be  made  harder  by  heating. 

Both  magnesium  fluoride  and  cryolite  films  are  sufficiently 
hard  to  withstand  gentle  rubbing  with  cloth  or  lens  paper 
and  the  handling  necessary  for  assembly  of  instruments. 

Calcium  fluoride  films  are  soft  but  of  good  optical,  properties 
because  the  refractive  index  of  the  soft  films  seems  to  be 

low. 

The  production  of  hard  films  of  magnesium  fluoride  or  cryolite 
requires  that  the  evaporation  be  carried  out  at  pressures  less 
than  1CT4  mm  Hg. 

The  films  can  be  waterproofed  and  made  more  resistant  to 
abrasion  by  oiling  or  waxing,  but  their  optical  properties, 
while  superior  to  bare  glass  surfaces,  are  inferior  to 
unwaxed  films. 

The  solubilities  of  the  films  in  water  are  low.  Soaking  the 
films  in  water  does  not  remove  them  but  only  softens  them. 

The  freshly  prepared  films  are  good  adsorbers  and  condense 
moisture  more  readily  than  bare  glass.  In  aging  they  acquire 
a  monomolecular  film  of  oil  from  the  atmosphere  which  offers 
some  protection  against  moisture  without  impairing  their 
efficiency. 

Sjjjjltative  Examples 

‘8*  The  effect  of  the  films  in  reducing  the  reflection  of  light 
by  glass  surfaces  is  qualitatively  shorn  by  Plate  1  which  is  a  photograph 
through  two  plates  of  glass,  each  coated  on  both  sides  over  the  circular 
central  area  with  magnesium  fluoride.  In  making  this  photograph  the 
plates  were  so  oriented  that  bright  daylight  from  a  *./indovr  was  directly 
reflected  into  the  camera,  and  while  the  intensity  of  the  light  reflected 
hy  the  uncoated  edges  of  the  plates  was  so  great  that  the  underlying 
*3  barely  legible  in  the  picture,  the  intensity  was  not  greatly 
reduced  in  passing  through  the  low  reflecting  area.  This  photograph 
hrough  two  glass  plates  represents  transmission  by  four  plates  since 
be  light  reaching  the  camera  traversed  the  plates  tvd.ee.  The  transmission  . 
cf  white  light  by  four  such  coated  f"1  utes  is  usually  observed  to  be 
sp>out  per  cent  and  of  four  uncoated  surfaces,  about  71  per  cent, 
nese  figures  mean  that  a  single  surface  of  the  untreated  glass  reflects 
4  cent  of  the  light  vrhile  the  coated  surface  reflects  1  per  cent. 
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7.  Plate  2  shows  photographs  of  a  500  watt  projection  lamp 
made  on  panchromatic  film  with  two  identical  Zeiss  Planar  f :4  lenses* 
that  used  for  the  right  hand  picture  being  coated  with  calcium  fluoride, 
and  the  other  uncoated.  Each  lens  contained  eight  glass-air  surfaces. 
Multiple  reflections  in  the  uncoated  lens  produced  the  intense  flare 
rings  seen  in  the  left  hand  photograph  end  gave  rise  to  strong  field 
light  over  the  whole  photograph,  but  the  reflected  intensities  were  so 
low  that  the  flare  image  is  barely  perceptible  in  the  right  hand 
photograph,  the  sharpness  with  which  the  glass  envelope  of  the  lamp  is 
delineated  is  much  improved,  and  the  scattered  light  over  the  field  is 
less  intense.  In  many  photographic  instruments  the  gain  in  contrast  is 
more  important  than  the  increase  in  light  gathering  power  that  the  films 
bring  about.  The  relative  light  gathering  power  of  the  two  lenses  cannot 
be  estimated  from  the  photographs,  but  measurements  of  rela.tive  trans¬ 
mission  showed  that  of  the  coated  lens  to  be  1.34  times  that  of  the 
uncoated  lens • 

8.  Other  illustrative  examples  are  given  in  the  paper  by  Turner (2) . 
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Chapter  II. 


3*  Vftien  light  is  incident  upon  a  boundary  between  two  transparent 
Lais  of  different  refractive  indexes,  as  the  interface  between  air 
Lass,  a-  part  of  it  is  reflected.  The  amplitudes  of  the  reflected 
are  given  for  any  angle  of  incidence  by  Fresnel's  equations. 


Reflected 

amplitudes 


tan  (i  +  r) 


■"has5?  subscripts  s  and  p  refer  to  the  components  of  the  electric 
vector  of  magnitude  E  perpendicular  and  parallel  to  the  plane  of 
incidence,  respectively,  i  is  the  angle  of  incidence  and  r  is  the 
angle  of  refraction.  In  the  special  case  which  will  'ie  of  greatest 
interest,  i  *  r  -  0  and  the  expressions  are  indeterminate  since 
sin  (i  _  r) 

»  sin  (i  +  r)  *  0  and  tan  (i  -  r)  «  tan  (i  +  r)  «  0  . 

In  the  limit,  however,  as  i  — *.  r  — *  0  ,  sin  (i  -  r)  - ►  (i  -  r), 

sin  (i  +  r) -  — >  (i  +  r),  etc,  and,  putting  i  ■  m  where  n  is  the 
xmim.  of  refraction  of  the  medium, 

-  -  E»  <rH>  ■  - (5W-I) 

(2) 

AP  “  “  E 

p  pi  +  r  p  n  +  1 

The  intensity  of  the  reflected  light  is  given  by  the  square  of  equations  (2), 

r  -  e  2(a_=_l) 2 

s  3  n  +  1 


E  2(£_-_l)  s  , 
p  n  +  1 


1 


'-■here  i 


E^  is  the  intensity  of  trie  incident  light 


10.  If  I  ■  1  ,  then  R  is  the  reflectivity  of  th*  rurfaoe, 
and  for  crown  glass  of  refractive  index  n  •  1*5  it  readily  ramlti 

from  (3)  that  .  ■ 


T  ■  (1  -  R)  ■  0*96  , 

Ton  a  single  glass  surface}  or  for  a  set  of  plates  or  lenses  jwei  anting  ® 

surfaces,  '  '  ■  '  I' 

Tn  -  (1  -R)H  ,  ‘  t 

neglecting  absorption  vri-thin  the  glass* 

11.  Table  I  gives  values  of  %  for  several  values  Of  N  for,' 
three  kinds  of  glass  and,  in  column  5*  the  transmission  by  surfaces 
reflecting  only  1  per  cent  of  the  incident  light*.  This  is  about  the 
value  to  which  low  reflecting  films  reduce  the  overall  white  light 
reflectivity  of  crown  glass  •  The  table  is  inserted  merely  for  conveni«®@® 
in  forming  an  estimate  of  the  improvement  to  be  expected  by  coating  all 
Instrument  of  N  surfaces  with  fluoride  films* 

12.  Equation  (3)  gives  the  reflection  by  a  glass  surface  iftffioftaoi 

with  air.  if  two  optical  surfaces  of  any  refractive  indexes'  >  an^^Pf 
are  in  contact,  the  reflectivity  is  given  by  .  'f*4 

•5jf 

R  .{ni~n?f 

“x  *  "a 

which  shows  that  if  glass  is  covered  with  a  layer  of  any  material  of 
lower  refractive  index,  as  water,  the  reflection  by  the  water-glass 
interface  is  considerably  reduced  and  the  total  intensity  of  the 
reflected  light,  made  up  of  the  mart  reflected  Ijy  the  air-water  surface 
p-nd  that  reflected  from  the  water-glass  surface,  is  less  than  the 
intensity  of  the  light  reflected  by  a  single  bare  glass  surface.  If 


nglass 


1.5  and  H  water  »  1»33,  then 


(1.33  -  ,1)V*  0.0196  , 
'l.33  +  1 


R  .  ( 1«5  £  .jap )  •  0%O056  . 

water-glass  1.5  ♦  13b 

interface 

ii^ht  of  unit  intensity  falls  on  glass  covered  with  mater,  the 

■-ransmission  factor  is 

I 

T  -  (1  -  1^)  (1  -  R*g)  -  0.977 

,r',ich  is  greater  than  the  transmission  by  a  single  bare  glass  surface* 


10.  If  I  •  1  ,  then  R  is  the  reflectivity  of  the  surface, 
and  for  crown  glass  of  refractive  indeoc  n  -  1.5  it  readily  result* 

from  (3)  that 

R  -  0.04  , 

T  «  (1  -  R)  -  0.96  , 

for  a  single  glass  surf  ace  $  or  for  a  set  of  plates  or  lenses  presenting  N 

.surfaces , 

Tn  -  (1  -  R)M  ,  <4> 

neglecting  absorption  within  the  glass. 

11.  Table  I  gives  values  of  %  for  several  values  of  N  for  •' 
three  kinds  of  glass  and.  in  column  5,  the  transmission  by  surfaces 
reflecting  only  1  per  cent  of  the  incident  light.  This  is  about  the 
■■alue  to  which  low  reflecting  films  reduce  the  overall  'white  light 
reflectivity  of  crown  glass.  The  table  is  inserted  merely  for  convenience 
in  forming  an  estimate  of  the  improvement  to  be  expected  by  coating  an 
instrument  of  N  surfaces  frith  fluoride  films. 

12.  Equation  (3)  gives  the  reflection  by  a  glass  surface  in  contact 
with  air.  if  two  optical  surfaces  of  any  refractive  indexes  and  Dg 
are  in  contact,  the  reflectivity  is  given  by 

i 

p.  (s) 

nl  *  n2 

which  shows  that  if  glass  is  covered  with  a  layer  of  any  material  of 
lower  refractive  index,  as  water,  the  reflection  by  the  water-glass 
interfsce  is  considerably  reduced  and  the  total  intensity  of  the 
-o fleeted  light,  made  up  of  the  part  reflected  lyr  the  air-water  surface 
that  reflected  from  the  water-glass  surface,  is  less  than  the 
-".tensity  of  the  light  reflected  by  a  single  bare  glass  surface.  If 

n  -  1.5  and  tt  water  -  1.33,  then 

^J-ctSS 


M"  s 


( 1.53  -  1 
1.33  +  1 


0.0196  , 


R  .  1 1.5  -  1.53  3  «  0.0036  . 

water-glass  1,5  +'1.55 
interface 

:  1 1*~ ht  of  unit  intensit3r  falls  on  glass  covered  with  water,  the 
-  r-".3o-ission  factor  is 


T  »  (1  -  PTr)  (1  - 


0.977 


Treater  than  the  transmission  by  a  single  bare  glass  surface. 
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13.  This,  however,  is  not  the  complete  description  of  the  action  of 
metallic  fluoride  films  in  reducing  the  reflection.  A  more  complete 

discussion  follows . 

Thin  Film  interference 

14.  The  reduction  of  reflection  losses  at  glass  surfaces  is  achieved 
in  the  method  of  Car  tv, Tight  and  Turner  by  depositing  on  the  glass  a  thin 
film  of  a  metallic  fluoride  (chosen  because  of  their  low  refractive  indexes 
and  their  mechanical  properties)  of  such  thickness  that  the  wave  trains 
reflected  from  the  front  (air  to  film)  and  back  (film  to  glass)  surfaces 
have  a  phase  difference  of  one-half  wave-length  and  interact  to  give  a 
minimum  of  reflected  light  intensity  by  interference.  The  reflected 
intensity  is  even  less  than  that  obtained  by  covering  the  glass  with  a 

very  thick  (or  thin)  film  of  lower  refractive  index  as  in  paragraph  12. 

15.  Plate  3  represents  a  plate  of  glass  G,'  refractive  index  ng  , 
covered  by  a  film  F  of  refractive  index  nf  and  thickness  t  ,  A  beam 
°f  light,  AB,  incident  on  the  film  will  be  in  part  reflected  along  BH  and 
in  part  transmitted  along  BC  .  BC  in  turn  is  in  part  reflected  along  CE 
and  EG  and  in  part  transmitted  into  the  glass  along  CA'  •  It  is  necessary 
to  determine  the  conditions  under  vhich  the  two  reflected  wave  trains  BH 
^nd  eg  win  combine  to  give  a  minimum  of  reflected  light  intensity  by 
interference  for  light  of  any  wave-length  X  ,  which  is  to  say  that  the  , 
conditions  under  which  BH  and  EG  differ  in  phase  by  1/2  X  must  be 
miown. 

16.  It  is  a  consequence  of  equations  (1)  -  (2)  that  since 
nf  >1  ,  AB  undergoes  a  phase  change  of  l/2  X  upon  reflection  from 
ne  film,  and,  if  n  >  nf  ,  BC  suffers  a  phase  change  of  1/2  X  upon  f 

r  'flection  at  the  film-glass  interface,  so  that  the  process  of  reflection 
•riroduces  no  phase  difference.  However,  the  emergent  wave  travelling 
eg  has  traversed  a  distance  (BC  +  CE)  -  BF  greater  than  that 
-/veiled  BH  ,  and  a  part  of  this  path  lies  in  the  film  material  of 
■tractive  index  nf  ,  so  that  -tie  additional  path  travelled  by  EG  is 
-luivalent  to  an  airpath  of  length  nf  (BC  +  CE)  -  BF.  It  is  shown  on 
-  l^te  3  that  the  retardation  of  EG  over  BH  is 

^  EB-BH  -  8a*t  005  <6> 

/ere  i  is  the  angle  of  incidence  at  the  film-glass  surface  and  t  is 
■‘-  film  thickness.  Since  for  a  minimum  of  reflected  light  intensity 

v  interference 

A-  1/2  X  , 

xt  Allows  that  the  film  thickness  must  be  such  that 

2  n~t  cos  i  ■  1/2  X  , 

/  (7) 
n^t  cos  i  ■  1/4  X  . 
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13.  This,  however,  is  not  the  complete  description  of  the  action  of 
metallic  fluoride  films  in  reducing  the  reflection.  A  more  complete 
discussion  follows . 

Thin  Film  interference 

14.  The  reduction  of  reflection  losses  at  glass  surfaces  is  achieved 
in  the  method  of  Car  tv, right  and  Turner  by  depositing  on  the  glass  a  thin 
filn  of  a  metallic  fluoride  (chosen  because  of  their  low  refractive  indexes 
uid  their  mechanical  properties)  of  such  thickness  that  the  wave  trains 
reflected  from  the  front  (air  to  film)  and  back  (film  to  glass)  surfaces 
have  a  phase  difference  of  one-half  wave-length  and  interact  to  give  a 
minimum.  0f  reflected  light  intensity  by  interference.  The  reflected 
intensity  is  even  less  than  that  obtained  by  covering  the  glass  with  a 

very  thick  (or  thin)  film  of  lower  refractive  index  as  in  paragraph  12, 

15.  Plate  3  represents  a  plate  of  glass  G,  refractive  index  ng  , 
covered  by  a  film  F  of  refractive  index  rif  and  thickness  t  .  A  beam 
"f  light,  AB,  incident  on  the  film  will  be  in  part  reflected  along  BH  and 
'f‘  part  transmitted  along  BC  .  BC  in  turn  is  in  part  reflected  along  CE 
'-d  EG  and  in  part  transmitted  into  the  glass  along  CA*  •  It  is  necessary 
•c  determine  the  conditions  under  ’which  the  two  reflected  wave  trains  BH 
1  -"i  EG  will  combine  to  give  a  minimum  of  reflected  light  intensity  by 
-wterference  for  light  of  any  wave-length  A  ,  which  is  to  3ay  that  the 

editions  under  which  BH  and  EG  differ  in  phase  by  1/2  A  must  be 
‘town. 


16.  It  is  a  consequence  of  equations  (1)  -  (2)  that  since 
f  >1  ,  AB  undergoes  a  phase  change  of  l/%  A  upon  reflection  from 
e  film,  and,  if  n  >  nf  ,  BC  suffers  a  phase  change  of  1/2  A  upon  ( 

'  action  at  the  film-glass  interface,  so  that  the  process  of  reflection 
reduces  no  phase  difference.  However,  the  emergent  wave  travelling 
nG  EG  has  traversed  a  distance  (BC  +  CE)  -  BF  greater  than  that 
rolled  by  BH  ,  and  a  part  of  this  path  lies  in  the  film  material  of 
:  "active  index  ,  so  that  the  additional  path  travelled  by  EG  is 
valent  to  an  airpath  of  length  nf  (BC  +  CE)  -  BF.  It  is  shown  on 
!  -Jte  3  that  the  retardation  of  IX}  over  BH  i3 

^  EG-BH  °  ‘V  003  <6> 

d  is  the  angle  of  incidence  at  the  film-glass  surface  and  t  is 
*  ilm  thickness .  Since  for  a  minimum  of  reflected  light  intens ity 
interference 


.A  “  1/2  A  , 

‘■ollov.'s  that  the  film  thickness  must  be  such  that 


2  n^t  cos  i 


n~t  cos  i 


■  1/2  A  , 
1/4  A  . 


(7) 


Usually,  the  light  is  incident  normally  so  that  i  •  0  ,  cos  i  »  1  ,  and 

the  condition  to  be  satisfied  is 

n^t  ■  l/4t  X  .  (8) 

17.  Equation  (8)  shows?  that  to  bring  about  a  minimum  of  reflected 
iirht  intensity  for  any  vrave-length  X  ,  the  product  of  the  index  of 
refraction  and  thickness  of  the  film  must  be  equal  to  one-quarter  of  the 
'■ave- length,  obviously,  a  film  producing  minimum  reflection  for  one  part 

tile  spectrum  will  not  be  of  the  proper  thickness  for  other  wave-lengths. 
In  practice  the  film  thickness  is  made  to  satisfy  (3)  for  X  about  5500  AU| 
it  win  be  seen  later  that  such  a  film  is  very  effective  over  the  visible 
spectrum. 

Relation  Between  Refractive  Indexes  of  Glass  and  Film  Material 

18.  if  the  wave  trains  BH  and  EG  are  in  opposite  phase  most 
wplcte  interference  will  exist  when,  in  addition,  their  amplitudes  are 

“T-tal,  . 


The  amplitude  of  BH  is  given  ;by 


BH 


'■d  of  EG  by 


■SsG 


nf  -  l 

nf  +  1 


CE 


n£S.^ 

ng  +  nf 


n  |'his  calculation  the  small  correction  for  multiple  reflection  is 

/looted. 


18*  Thus,  if  A: 


BH 


*EG  » 

n^  -  1 
nf  +  1 


ne  :,pj 

ng  +  ng 


(9) 


(10) 


(11) 


"om  which  it  turns  out  readily  that  the  heft  value  for  the  refractive 

,dex  ol  the  film  is 


nf 


(12) 


ideal  film  material  for  use  on  crovm  glass  would  have  a  refractive 
^+ex  nf  *  1.225  ,  and  for  denser  glass  ng  ■  1.65  ,  nj>  ■  1.28  .  The 

borides  used  as  film  material  have  refractive  indexes  somewhat 
r  onan  these  values;  they  are  nevertheless  the  materials  most  nearly 
ideal  conditions  while  at  the  same  time  having  good  mechanical 

•  ceperties. 
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-ffect  of  Film  Thickness 

20.  it  was  pointed  out  in  paragraph  12  that  as  a  consequence  of 
equation  (5)  the  reflectivity  of  a  glass  surface  is  reduced  if  it  is 
covered  with  any  transparent  material  of  lower  index  of  refraction,  say, 
a  thin  (gray)  film  of  cryolite.  This  has  led  French^)  to  the  erroneous 
conclusion  that,  practically,  there  is  no  advantage  to  be  derived  from 
controlling  the  film  thickness.  That  is  (he  concludes),  so  long  as  the 
loss  has  a  fluoride  film  of  any  thickness  on  it  the  result  should  be 
■satisfactory,  in  support  of  this  contention  he  calculated  the  effect 

’  cryolite  films  of  refractive  index  nj>  »  1,35  on  dense  glass,  ng  »  1.65 
■  hout  regard  for  phase.  This  is  the  same  type  of  computation  that  was 
in  paragraph  12. 

21.  The  reflectivity  of  the  uncoated  glass  surface  is  - 

g 

Rn  •  ( 1»g5  ml )  «  0#06  . 

0  1.65  +  1 

T,  -  0.94  . 

transmission  of  the  plate  (two  surfaces)  is  - 
Tg  -  (0.94)2  -  0,884  . 

'■cay  the  glass  is  coated  with  a  film  of  refractive  index  1.35  and  no 
ct  of  interference  is  taken  into  consideration  (as  is  allowable  for 
rr  I’nin  film)  the  calculation  of  total  reflected  intensity  is  made 

■■o  stcp3 : 

Reflectivity  of  air-film  surface 

Rf  =«  ( 1*55  -  1 )  2  »  0.022  j  , 

1.35  +  1 

Tf  *  0.978  j 

Reflectivity  of  film-glass  surface 

R„  =  ( 1«65  —  1.55  )  2  m  0.01  i 
S  1.65  +  1.35 

Tfg  =  0.99  . 

emission  of  the  glass  plate  coated  on  both  sides  with  such  a 

Tg  =  (0.978  x  0.99)2  -  0.937. 

glass  transmits  5,3  per  cent  more  light  than  the  unce ated  glass. 
-■*-ates  that  this  calculated  gain  is  in  accord  with  actual  results 
-n  his  institution*-.  It  seems  likely  that  his  observations  v/ere 

_ '-'Wud,  Ltd.,  Glasgow. 


-."de  on  films  of  proper  thickness,  for  while  the  calculation  is  correct 
films  too  thin  or  too  thick  to  show  interference  colors,  in  other 
■3  the  film  thickness  profoundly  affects  the  reflected  light  intensity 
therefore,  the  transmission  of  the  glass. 

22.  For  example,  if  the  effective  film  thickness  is  cne~quarter 
---length  so  that  equation  (3)  is  satisfied  for  some  wave-length  X  ,  the 
/  j  reflected '  from  the  front  and  back  surfaces  of  the  film  differ  in 
-re  by  1/2  X  ,  and  instead  of  adding  intensities  as  in  the  calculation 
-v?,  amplitudes  must  be  added  vectorially.  If  the  intensity  of  the 
’ident  light  is  unity  the  amplitude  of  the  wave  reflected  from  the  air- 
surface  is  - 

■  lx  1*55.  r.2:  -  0.149  , 

1  1.35  +  1 

Rf  -  (0.149)2  »  0.022  . 

"  intensity  reaching  the  film— glass  interface  is  (1  —  0.022)  and  the 
blitude  of  the  wave  reflected  at  this  interface  is  - 


Afg  -  d  -  °-022>  •  °*093  • 

vector  sum  of  these  amplitudes  is  given  by  - 

\2-T5-ft-2j.ft2 


J. 

A2  «  R  -  Af2  +  A2fg  +  2AfAfg  cos  2n  (—£-) 


(13) 


r-  Zn  is  the  phase  difference  between  the  reflected  waves, 

\ 


?.se  equal  to  it  since 
2n.pt  =  . 


' f '  tution  of  the  numerical  values  gives  - 

R  -  (0.149)S  +  (0.098)2  -  2  x  0.149  x  0.098  »  0.0026 

iransnission  of  the  two  coated  surfaces  for  wave-length  X  is 
T  =  (0.S974)2  -  99.5  per  cent 

’  0  loss  is  only  0.5  per  cent  as  compared  with  6  per  cent  in  the  case 
by  French. 


•  t  Even  taking  into  account  the  fact  that  tne  calculation  was 
’  rr  monochromatic  li  -;ht  and  that  the  overall  transmission  for  white 
-  ’ould  bo  a  little  less  than  this,  it  is  apparent  that  films  of  the 
■  ~  thickness  should  be  used.  The  experimental  results  of  transmission 
- --.ents  discussed  in  the  next  chapter  further  emphasize  the  point. 


1 


low  that  those  films  which  give  rise  to  maximum  transmission  at 
:  5500  AU  where  the  eye  has  maximum  sensitivity  are  the  most  satis- 


lal 


i.e 


Reflecting  Films 

As  &  further  example  of  the  effect  of  film  thickness  the  calcu- 
just  made  can  be  repeated  for  a  film  of  such  thickness  that 


nft 


1/2  X 


leaves  reflected  from  the  air-film  and  film-glass  interfaces  are  in 
[and  their  amplitudes  have  the  same  sign  so  that  a  maximum  of 
ted  intensity  by  interference  results..  Taking  values  from 

fcph  22  - 

«  R  *  (0,149)*“+  (0.098)2  +  2  x  0.149  x  0.098  cos  Zn  =  0.042 

3-length  X  .  This  value  is  nearly  as  great  as  the  reflectivity 
uncoated  glass.  It  is,  indeed,  greater  than  the  reflectivity  of 
led  slab  of  cryolite  which  was  found  (paragraph  21)  to  be  0.022. 

JS,  Awareness  of  these  phenomena  of  interference  led  Pfund^  to 

od  for  producing  highly  efficient  half  reflecting  mirrors  for  use 
in  Instruments  such  as  the  Gauss  eyepiece,  the  netallographic 
®icrSaicope,  and  the  Kichelson  interferometer  in  which  it  is  necessary 
that^ight  from  an  external  source  be  reflected  by  a  mirror  to  an  object 
tob*  Viewed  and  subsequently  transmitted  by  the  same  mirror  to  the  eye 
of  the  observer.  The  ideal  half  reflecting  mirror  would  reflect  50 
gat  of  the  light  and  transmit  50  per  cent,  giving  a  product  of 
reflation  and  transmission  of  25  per  cent.  Glass  plates,  sometimes 
’-‘sed  for  this  purpose,  reflect  10  per  cent  and  transmit  90  per  cent  when 
the  tthgle  of  incidence  is  45°,  The  overall  efficiency  is  thus  only 
cent.  Half  silvered  mirrors,  while  transmitting  50  per  cent  of 
the  light,  may  reflect  only  30  per  cent,  the  remainder  being  absorbed, 
s°  tqat  the  product  of  transmission  and  reflection  is  about  15  per  cent. 


.  26.  Pfund  was  able  to  produce  half  reflecting  mirrors  having  a 

product  of  transmission  and  reflection  of  23  per  cent.  His  procedure 
®  k*  ®v®ry  respect  like  that  much  later  used  in  making  films  of  low 
®  *®dtivity  except  that  a  film  material  (zinc  sulphide,  n  =  2.37  ) 

°h  ^n<^ex  refraction  and  therefore  of  high  reflecting  power  '.fas 
®  Q3e*i,  and  the  thickness  of  the  evaporated  film  was  made  to  be  such  that 
raaximua  of  reflected  light  intensity  resulted  for  all  ’.rave-lengths  in 

This  means  only  that  in  depositing  the  film  the  evaporation 
a  6  ?^nc  sulp^ide  is  continued  through  all  the  color  stages  that 
Ppear  in  a  vertical  (wedge-shaped)  soap  film  until  eventually  the  film 
poyear?  no*’  c°l°red,  but  white.  Such  a  film  has  a  higher  reflecting 
than  a  polished  slab  of  zinc  sulphide  for  the  reasons  given  in 
24  811(1  absorbs  very  little  light,  so  that  it  forms  a  highly 
icient  half  reflector. 


-10- 
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Pfund  has  given  the  following  data: 


Reflector  Reflecting  Power 


Single  glass  surface 

5 

per  cent. 

calculated 

Single  ZnS  surface 

17.3 

per  cent. 

calculated 

Clear  cover  glass  (2  surfaces) 

10.0 

per  cent. 

observed 

Single  white  ZnS  film  on  glass 
White  ZnS  film  on  both  sides 

31.0 

per  cent. 

observed 

of  cover  glass 

40.0 

per  cent. 

observed 

Reflection 

Transmission  Absorption 

Half  silvered  mirror 

Y/hite  ZnS  on  both  sides 

27  per  cent 

50 

23 

of  glass 

41 

57 

2 

■niie  the  efficiency  of  the  half  silvered  mirror  v/as  only  13.5  per  cent, 
that  of  the  zinc  sulphide  was  23  per  cent,  only  2  per  cent  less  than  the 

taeoretical  maximum. 

28,  Pfund  evaporated  his  films  at  a  pressure  of  5  x  10~^  mm  Hg 
r,nd  found  them  to  be  soft  and  easily  wiped  off.  Films  of  zinc  sulphide 
'  vnporated  in  this  Laboratory  at  a  pressure  of  10~®  nun  were  hard  and 

r distant  to  rubbing.  The  films  are  not  readily  soluble  in  water  and  can 
a  Y/axed  for  added  protection* 

29,  Reverting  to  low  reflectivity  films,  Cartwright  and  Turner 
Blodgett^3)  have  given  calculated  curves  showing  reflectivity  over 

_  _  e  spectral  ranges  which  illustrate  well  the  changes  that  take  place 
t^e  wave-length  is  varied  from  values  for  which  n^t  »  1/4  X  to  those 
'  ->r  'hich  n^t  *  1/2  x  as  discussed  shove. 


; 


Chapter  III. 

PROIERTIES:  EXPERIMENTAL  RESULTS 


The  eight  interior  surfaces  of  six  sets  of  7  x  50  binoculars 
^oated  with  various  metallic  fluoride  films  for  the  Washington  Navy 
ptical  Shop.  The  two  external  surfaces  were  left  uncoated  because 
t  time  the  vacuum  system  was  not  producing  pressures  sufficiently 
r  the  production  of  hard  films.  The  transmission  factors  of 
instruments  for  visible  light  were  measured  at  the  Optical  Shop, 
data  were  transmitted  to  the  writer  by  Commander  B.  B.  Adell. 
e  given  in  Table  II. 


The  transmission  factor  of  the  uncoated  binoculars  was  0.55. 
Coating  the  transmission  was  about  0.72.  The  data  of  Table  II  show 
enerally  the  two  barrels  of  each  binocular  were  alike  within  the 
ental  error  of  such  measurements  with  the  exception  of  Ho.  1028 
.Ch  the  transmission  of  the  left  barrel  was  0.80  and  of  the  right. 
Taking  0.72  a3  a  fair  average  value  for  the  transmission  factor 
coated  instruments  the  effect  of  the  films  in  reducing  reflection 
can  be  calculated. 

Let  r  be  the  reflection  coefficient  of  each  glass  surface 
uncoated  instrument.  Since  there  are  10  such  surfaces  the 
ssion  is  - 


(1  -  r)10  f (a)  , 


is  the  intensity  of  the  incident  light,  I  the  intensity  of 
an8mitted  light  and  f(o)  represents  true  absorption  by  the  glass, 
ly,  for  the  instruments  in  which  eight  surfaces  were  coated, 

T*  -  JLi  -  (1  -  r)2  (1  -  r»)8  f(a)  ,  (15) 

I 

r>  ^he  reflection  coefficient  of  a  single  coated  surface. 
Dividing  (15)  by  (14), 

-11  / 1  -  r«  x8  /  t»  x8  ,  . 

T  '  1  _  r  )  “  (  t  '  (16) 

resna  are  ^'ae  brans:Tllsslon  by  single  bare  and  coated  surfaces 

T«  m  «  »  do  not  involve  absorption  by  the  glass.  Upon  putting 

0*72  and  T  -  0.55  in  (16)  , 


r  the  transmission  of  an  untreated  glass  surface  were  0,96  (n  *  1,5 
f  a  treated  surface  would  be  0,995  j  or  if  t  were  0.94  fn  «  1.6S 
ad  be  0.975, 

U  The  highest  observed  value  of  T*  was  0.80  which  leads  to  - 

t* 

nr  ■  i«047  . 

i  ' 

Wm  glass,  t  »  0,96,  t*  ■  1,005,  so  that  the  value  0.80  is  higher 
fUld  be  possible  if  all  the  coated  parts  ’..-ere  of  that  glass, 

I  t  ■  0,94  (flint  glass), 

( 

|  t»  -  0.97  , 

»  reasonable  and  even  a  little  lower  than  the  result  that  night  be 
F  with  high  index  glass  because  the  condition  of  equation  (12) 

»ph  19)  is  more  nearly  met  when  ttg  is  large.  The  instrument 

F  high  transmission  was  coated  viith  soft  calcium  fluoride  films 
y  of  much  lower  refractive  index  than  the  parent  crystal*;  it  is 
tessarily  to  be  concluded  that  transmission  factors  of  0.80  could 
(latently  obtained  for  such  instruments  >hen  hard  films  of  cryolite 
^siiiifl  fluoride  are  used. 

I-  two  outer  surfaces  of  each  barrel  were  in  all  cases  left 
for  the  reason  given  above  that  hard  films  could  not  consistently 
ced  with  the  equipment  available  when  the  work  v/as  done.  The 
Sion  that  would  be  obtained  if  all  the  surfaces  were  coated  can 
lated  readily.  Taking 


1.035 


igle  surface  - 


"  1,40  *0l55*" 


*  See! 
of  v 


&  ’Jith  increasing  use  at  sea  of  instruments  that  have  been 
pith  non-reflecting  films  it  will  become  clear  whether  outside 
P  should  be  left  bare  or  be  coated.  The  additional  gain  in  trans- 
loi  5  per  cent  that  would  have  resulted  by  coating  the  external 
|  of  these  instruments  is  not  as  important  as  the  reduction  in 
B-on  of  stray  light  into  the  observer's  eye  by  the  eyepiece. 

pPion  Measurements 

I  111  order  to  determine  quantitatively  the  optical  oroperties 
Paid  3rp8S  films  many  small  squares  of  crown  glass  were  coated 
|81des  and  examined  in  stacks  of  five,  comprising  ten  reflecting 

|~acti  f°r  S  discussion  of  the  effect  of  hardness  on  the  index 
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suxjf&ees.  In  this  w ay  the  difficulties  of  making  precise  measurements  on 
a  fjffigle  highly  transmitting  plate  were  avoided.  In  addition,  a  better 
daswiption  of  the  averaged  effect  of  several  films  was  obtained  because 
th«#Riall  inevitable  differences  between  individual  films  were  effective 
on  Jap  overall  measurement  as  they  would  be  in  an  assembled  instrument. 
Usulpy,  the  films  were  deposited  on  the  five  plates  of  each  stack 
sitwjpaneously;  each  stack  therefore  represented  films  all  nearly  alike. 

,.,FS8.  Spectral  transmission  curves  were  determined  over  the  wave- 
led®*  interval  4000  to  7000  AU  with  a  Gaertner  monochromater.  A  photo- 
volipLc  cell  and  high  sensitivity  galvanometer  were  used  to  measure 
enemies  and  the  transmission  for  each  set  of  plates  was  determined 
by  facing  the  ratio  of  galvanometer  deflection  with  the  set  of  plates  in 
thtftrallel  beam  of  light  to  the  deflection  with  the  plates  removed. 
Th@Jpsponse  of  the  photo-voltaic  cell  was  linear  over  the  intensity  range 
used.  The  effective  slit  widths  were  about  35  AU  at  4000  AU  and 
85  Al|  |it  7000  AU.  The  measurements  were  sufficiently  precise  that  the 
spedSp&l  transmission  curves  of  glass  filters  determined  with  the  Hardy 
specwk'ghotometer  at  the  National  Bureau  of  Standards  could  be  reproduced 
to  TOthin  +  0.5  per  cent. 

Curves  representing  the  transmission  of  several  sets  of  bare 
md  opated  glass  plates  are  given  in  Plates  4  to  9. 

"%>.  Daylight  transmission  measurements  were  made  for  some  of  the 
setayfof  plates  and  these  are  given  on  the  right-hand  side  of  the  curves 
to  w||eh  they  apply.  These  measurements  were  made  visually  with  a  Macbeth 
illufiepnometer  which  contained  an  auxiliary  blue  filter  to  provide  accurate 
coloj^fflatching  of  the  standard  (tungsten)  source  and  the  north  daylight 
for  *|ich  the  data  apply.  The  transmission  factors  that  were  obtained 
represent  the  integrated  product  of  spectral  transmission,  spectral 
distribution  of  energy  in  daylight,  and  eye  sensitivity,  and  they  are 
therefore  a  measure  of  the  visible  effect  of  the  films  on  transmission. 

{  , 

,,'CU  For  the  parpose  of  description  it  is  convenient  to  refer  to 
,  . e ^Otor  of  the  films  as  seen  in  reflected  light.  A  purple  film  has 
highest  transmission  for  green  light  (X  about  5500  AU)  and  reflects  the 
r®<^,ar‘d  blue  slightly  more  strongly  than  the  green.  Such  a  film  is 
of  the  correct  thickness  for  best  performance  in  the  visible.  A  thinner 
ilm  shows  least  reflection  in  the  blue  and,  appearing  red  in  reflected 
ight,  is  described  as  "red."  In  the  same  way,  thicker  films  transmitting 
light,  most  copiously  are  described  as  "blue."  It  will  be  seen  that 
Jne  daylight  transmission  of  the  red  or  blue  films  is  not  greatly  inferior 
0  '"iat  of  purple  films,  although  the  latter  are  to  be  preferred. 

b  Plate  4  shows  the  transmission  of  five  plates  each  coated  on 

oth  sides  with  MgFg  films  that  appeared  purple  in  reflected  light  and 

bar*9^  transmission  at  about  5500  AU.  The  transmission  of  the 

or.e.CoVer  glass  shows  that  it  absorbed  red  light  rather  strongly.  The 
6m  of  the  glass  is  not  known. 

of  ^4*  By  a  calculation  like  that  of  paragraph  32  the  transmission 
curv  S*n^e  coated  surface  was  obtained  and  is  shown  in  the  detached 
e  at  the  top  of  Plate  4.  This  curve  obviously  represents  an  average 


( 


Effi 


adva 


individual  transmissions  of  the  10  separate  films  and  therefore  is 
representative  of  actual  effects  to  be  expected  in  instruments  than 
a  calculated  curve  or  a  set  of  measurements  made  on  one  well  chosen 
plate*  * 


Plate  5  shews  the  transmission  by  two  separate  sets  of  MgF? 
an  crown  glass,  the  one  set  purple  and  the  other  blue.  The  daylight 
ission  factors  of  these  plates  are  given  to  the  right  of  the 
and  the  reduced  data  for  single  surfaces  at  the  top.  The  blue 
(  were  quite  vivid  in  color  and  transmitted  X  4000  AU  very  little 
than  the  uncoated  glass.  The  maximum  value  of  the  transmission 
is  not  so  high  (87  per  cent  at  6000  AU)  as  is  the  maximum  to  which 
ismission  of  the  purple  plates  of  this  and  the  preceding  figure 
(90  per  cent  at  5500  AU),  although  the  daylight  transmission 
do  not  differ  greatly,  being  90  per  cent  for  the  purple  plates  and 
cent  for  the  blue. 


other 


It  was  generally  found  that  the  transmission  for  white  light 
with  the  eye  as  detector  was  about  as  great  as  the  spectral 
tssion  near  the  middle  of  the  spectrum  '.here  the  eye  is  most  sens  in¬ 


flate  6  shows  transmission  curves  for  plates  coated  with  CaFp 
the  reddish  purple  set  being  too  thin  and  the  blue  films,  too 
The  daylight  transmission  factors  were  about  the  same,  83  per 
the  red  and  85  per  cent  for  the  blue  plates.  The  two  trans¬ 
curves  are  nearly  alike  through  the  middle  of  the  spectrum 
[again,  seems  to  control  the  effect  on  vision  through  the  coated 


Staggered  Film  Thicknesses 


The  question  arises,  what  is  the  combined  action  of  a  red  film 
|surface  with  a  blue  film  on  the  other  surface  of  a  glass  plate? 
of  Plate  6  permit  a  calculation,  for  by  taking  the  products  of 
ites  at  each  wave-length,  the  transmission  by  10  plates,  half  of 
coated  with  red  films  and  half  'with  blue  films,  is  obtained. 

Lt  of  this  operation  is  shown  in  Plate  7-a.  Curve  7-b  7/as  obtained 
ag  the  ordinates  of  the  transmission  curve  for  the  purple  films 
by  Plate  5.  The  transmission  of  10  bare  glass  plates  is  also 


Comparison  of  curves  a  and  b  shows  that  there  is  no 
in  making  part  of  the  films  in  a  complex  instrument  blue  and 
i,  for  Thile  such  a.  procedure  flattens  the  transmission  curve 
efore  leaves  the  transmitted  light  more  nearly  white,  the  use  of 
le  films  transmitting  best  in  the  region  of  maximum  visual  acuity 
the  higher  transmission  because  the  tv/o  curves  are  nearly  alike 
^  to  4500  AU  and  from  6500  to  7000  AU  where  eye  sensitivity  is 


it  ma’lfe  ***  the  films  are  to  be  used  in  a  photographic  instrument 
us  ednr'  more  desirable  that  a  combination  of  several  thicknesses  be 
film  wf  orc*er  that  (small)  corrections  to  color  sensitivity  data  of  the 
hSOd  not  be  made.  The  importance  of  the  effect  of  a  coated  lens 


i 


obi 


sr  values  is  probably  not  great.  However,  a  photographic  lens  to  be 
(most  of  the  time  in  near  infra-red,  for  example,  might  well  be  coated 
'films  appropriate  to  that  region.  For  X  10,000  AU  the  optical 
less  nft  *  l/4  X  would  be  2500  AU.  This  is  one-half  wave-length 
»en  light  (X  5000)  and  such  a  film  would,  by  paragraph  24,  reflect 
light  strongly. 

|S0.  If  stacks  of  5  blue  and  5  purple  plates  are  placed  side  by 
*^on  white  paper  and  viewed  in  daylight,  the  difference  in  color  of 
transmitted  light  is  easily  observable.  The  paper  appears  yellowish 
gh  the  blue  plates  and  whiter  through  the  purple  plates. 

' —  Plate  8  shows  the  transmission  by  5  plates  coated  with 

l-te  films,  slightly  too  thick,  and  as  with  the  best  films  of  MgFg 
*Fg  described  on  other  plates,  the  maximum  transmission  did  not 

|4bove  90  per  cent  which  corresponds  to  transmission  by  a  single 
“6e  of  99.2  per  cent.  This  seems  to  be  about  the  highest  value 
'able  with  films  on  crown  glass. 


m^-Prooflng 

*  • 

S’ 

‘S2.  Films  on  UgFg  may,  after  hardening  (paragraph  117),  be  oiled 
Red,  whereupon  they  become  water-proof  and,  by  reduction  of  the 
Ficient  of  friction,  more  resistant  to  abrasion.  Both  of  these 
Its  are  desirable,  but  they  cannot  be  obtained  without  optical 
fice.  Plate  9  shows  the  results  of  a  sequence  of  operations  on  one 
films.  The  glass  plates  (curve  a)  were  coated  with  purple  UgF? 
on  both  sides  and  the  resulting  transmission  curve  b  was  of 
miliar  type.  The  plates  were  then  waxed  (Simonize)  and  polished 
Vilens  paper.  The  transmission  curve  c  shows  that  while  they  remained 
mlfi  °r  uncoated  glass,  they  were  decidedly  inferior  to  the  unwaxed 
i-UW*  After  being  waxed  the  films  were  pale  blue  in  reflected  light. 

th  *  They  were  then  reheated  in  a  small  oven  to  about  200°C.  so 

anH  6  wax  evaporated.  The  films  regained  their  original  purple  color 
nT nil  6  new  transmission  curve  (d)  vras  slightly  higher  than  the  original 
CUrT®*  They  were  also  as  easily  x/et  by  water  as  before  waxinc. 


54.  The  optical  effect  of  the  wax  seems  to  be  simply  the  addition 
s  +Vfer  ’^tgher  index  of  refraction  over  the  non-reflecting  film 
0  that  nearly  as  much  light  is  lost  be  reflection  from  the  wax°surface 
of  te  lost  at  a  bare  glass  surface.  A  precise  value  for  the  index 

hi  £e^raction  of  the  wax  is  not  of  importance  but  for  such  compounds  of 
cal"  ?°^ecu^-ar  weight  it  varies  from  1.46  to  1.48.  It  is  possible  to 
axculate  the  refractive  index  of  the  films,  unwaxed  and  waxed,  from 
******  of  the  transmission  of  a  stack  of  plates.  The  calculation  is 
that  fr^tfied  and  not  put  greatly  in  error  if  the  assumption  is  made 
thr  ^^t  su;CfGrs  no  changes  in  intensity  as  the  incident  beam  proceeds 
bound*  corvtiSUous  layers  of  wax,  film,  and  glass,  so  that  at  each 
unaary  the  amplitude  of  the  reflected  wave  is  assumed  to  be  - 


A  «  nl  ~  n2  , 
nl  +  n2 
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tad  of  more  correctly  - 

A  -  E  nl  1  n2  , 

”l*  »8 

I  E  is  the  amplitude  of  the  incident  nave  at  that  boundary.  In  other 
,  the  amplitude  of  the  incident  nave  is  assumed  to  be  unity  at  every 
face,  and  since  its  actual  departure  from  this  value  is  not  great, 
ious  error  is  introduced* 

of  Refraction  of  the  F 


From  Plate  9,  the  transmission  factors  for  5  plates  of  glass 
5250  AU  are  - 

Z  *  0.665 
bare 

Tfilm  *  0*885 
Twaxed  " 

ansmission  of  a  single  coated  surface  is  given  by 

tf  Tf  VM 
-I*  *  (-ST-)  -  1.029  • 


dex  of  refraction  of  the  bare  cover  glass  ^as  measured  with  an 
refractometer  and  found  to  be  1.52  30  that  a  single  surface  of 
e  glass  reflected  4.25  per  cent  of  the  incident  light.  Therefore, 

tj,  ■  (1  -  r)  ■  0.9575  , 

tf  -  1.029  x  0.957  -  0.985  , 

e  reflection  factor  of  the  coated  surface  is  - 

R  -  0.015  . 

litude  of  the  resultant  wave  reflected  from  the  two  surfaces  of 
is  - 


A  -  (0.015; 


0.123 


intensity  of  the  incident  light  is  unity.  This  amplitude  is  the 
sum  of  the  amplitudes  reflected  from  the  front  and  back  (film-glass) 
«s  of  the  film. 


is  assumed  that 


nf  -  1 

a.  +  1 


‘f 


) 

Since  these  amplitudes  are  in  opposite  phase,  their  resultant  is  given  by 

R  -  (Af  -  Afg)2 

and  this  is  the  intensity  of  the  reflected  light* 

56.  Putting  into  (19)  the  expressions  for  A~  and  Af  given 

above  and  setting  1 

ng  ■  1.52  and  R  *  0.015  , 

the  resulting  solution  for  the  index  of  refraction  of  the  magnesium 

i’luoride  films  is 


n. 


1.4 


This  value  seems  undoubtedly  to  be  too  high  -  the  indexes  of  refraction 
of  crystalline  MgFg  for  the  ordinary  and  extraordinary  rays  are  1.378  and 
1.390,  respectively,  and  it  is  not  expected  that  the  films  ever  have 
higher  refractive  indexes  than  the  massive  material.  The  cause  of  the 
defect  is  obvious:  since  the  calculation  was  based  on  the  average  effect 
''f  10  separate  films,  none  perhaps  of  precisely  the  right  thickness  at 
the  wave-length  chosen,  the  calculated  value  of  n^  is  only  an  apparent 
':lue  for  the  lo  films  collectively  and  not  of  great  significance  vhen 
•pplied  to  a  single  film. 

57.  For  the  sake  of  argument,  let  this  value  be  assemed  for  j 
■^apparent  index  of  refraction  of  the  wax  required  to  lower  the  trans¬ 
ition  from  curve  b  to  curve  c  of  Plate  9  can  be  calculated  under  the 
0  lov‘ring  simplifying  conditions: 


navne5ium  fluoride  film  is  assumed  to  be  covered  with  a  layer  of 
/'/thin  /lat  the  waves  reflected  from  the  front  end  back  surfaces  of 
''r'm  are  in  phase,  and  the  phase  difference  between  viaves  reflected 

■  —  the  wax-film  and  the  film-glass  interfaces  is  to  remain  1/2  \. 

^vrax  “  , 

°w  *  1 

(19) 

&  ...  -  %  “  n f 

^ax-film  _  .  „ 

iV  +  nf 

(20) 

a  *  ne  -  nf 

Afilm-glass 

(21) 

jultant  reflected  intensity  from  the  composite  surface 

is 

\  ~  +  ^wf  " 

(22) 

From  the  data  of  Plate  9  the  ratio  of  the  reflection  by  a 
'-li'a  to  the  reflection  by  a  bare  glass  surface  is  given  by  - 
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i  ~  _  T  (5  vraxed.  plates! 

X  _  R  "  T  (5  bare  plates) 


1.0086 


(23) 


j.nce 


n 


lg 


1.S2  , 


r  *  0.0425  j 
g 


rice,  from  (23), 


*  0.0343  • 


Uin"  this  value  'for  in  (22)  Pitting  ^Itin^vSue^or 

mencal  values  for  n_  and  n-  in  pia+P  q  is  - 

g  ,  4  4-sp  films  shovm  on  riaue  a  ia  - 

‘laired  to  produce  the  effect  of  wax  °n  t 


1.487  . 


IV 

+  QVa(.t  nnd  not  of  significance  except 
-=  calculation  Is  of  =°'lrs®  "^^^Tnefractive  indexes  of  high 
•".f  the  result  is  in  agreement  ’.n.t>n  raiowi 

■f  -cular  weight  vraxes. 

59.  The  actual  indexes  ^^^tJ^above^^The^aicuiation  of 
■  iaubtedly  lower  than  the  value  1.4  magnesium  fluoride  films 

"n’raph  50  has  been  made  fora ^ett. ^siSgle  films  was  0.99.  The 
'■•Mich  the  average  transmission  of  sing 
siting  value  for  the  index  of  refraction  ir 

n  *  1.35  . 

-,„+a  fnr  which  the  transmission  of  a 

rnther  case  of  a  good  single  plate  f  or  vmcn  v 

in  surface  was  0.995, 


n, 


1.32  . 
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60.  The  hardness  of  the  films  and  the  speed  and  ease  with  which 
they  can  be  produced  depends  largely  upon  the  excellence  of  the  vacuum 
system.  The  principal  requirements  are  fast  pumping  speed  and  simplicity 
of  manual  operations  so  that  the  operator  can  give  his  attention  more 
closely  to  the  primary  function  of  carrying  out  the  finishing  step  in 

the  Manufacture  of  fine  optical  parts. 

61.  The  pumping  system  must  be  capable  of  reducing  the  pressure 
from  atmospheric  to  10~^  mm  Hg  within  a  few  minutes,  and  this  pressure 
must  be  maintained  and  preferably  lowered  during  the  actual  evaporation 
of  the  fluorides  which  themselves  may  give  up  occluded  gases  when  heated. 

The  bell  jar  in  which  the  evaporation  takes  place  and  the  metal  base 
upon  which  it  rests  present  large  adsorbing  surfaces  which  give  off  gas 
during  the  evacuation.  This  condition  is  aggravated  somewhat  because 
such  a  system  is  comparatively  dirtyj  each  evaporation  deposits  fluorides 

on  th»  interior  surfaces,  and  frequent  cleaning  of  the  bell  jar  is  required. 
Tima  so  occupied  will  be  a  minimum  if  the  pumping  speed  is  high  enough  to 
overcome  the  outgassing  of  the  walls,  even  when  they  are  dirty. 


62.  A  complete  discussion  of  vacuum  technique  would  be  beyond  the 
scope  of  this  report  and  is  not  necessary.  Several  books  on  the  subject 
are  available.  Of  these  L.  Dunoyerw),  Vacuum  Practice  (Bell,  1926)  and 
John  Strong  (8),  Procedures  in  Experimental  Physics  (Prentice-Hall,  1938) 
are  especially  useful.  The  latter  contains  in  addition  to  useful  notes  on 
the  design  and  construction  of  vacuum  systems  a  great  deal  of  information 
concerning  vacuum  vraxes,  gaskets,  and  special  procedures  not  collected 
s°  completely  elsewhere.  For  convenience  a  partial  list  of  manufacturers 
of  special  equipment  is  given  in  Appendix  A. 


Diffusion  Pllmr 


63,  A  general  description  of  various  types  of  diffusion  pumps 
ha3  been  given  by  Strong They  can  be  made  of  metal,  or  glass  and 
contain  either  mercury  or  certain  stable,  low  vapor  pressure  oils  as 
Piping  fluid.  Mercury  pumps  require  a  cold  trap  for  condensable  vapors 
roaintained  at  the  temperature  of  solid  COg  or  liquid  air  to  prevent 
diffusion  of  mercury  back  into  the  bell  jar.  because  the  vapor  pressure 
of  mercury  at  room  temperature  is  about  10-*  mm,  10  to  100  times  higher 
tile  pressure  to  which  the  bell  jar  must  be  evacuated.  .Vhile  a  trap 
oooled  by  solid  COg,  temperature  -78°C,  reduces  the  mercury  vapor  pressure 
sufficiently,  the  ice  formed  in  the  trap  by  condensation  of  moisture  has 
a  that  temperature  a  vapor  pressure  of  about  4  x  10“^  mm  Hg  and,  conse¬ 
quently,  a  dish  of  phosphorous  pentoxide  must  be  placed  in  the  bell  jar 
0  reniove  water  vapor.  This  method  is  effective  but  slow.  The  difficulty 
k®  avoided  by  cooling  the  trap  with  liquid  air,  temperature  -1786C. 
this  temperature  both  water  vapor  and  mercury  are  effectively  removed 
r°®  the  high  vacuum  side  of  the  system. 
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64*  An  undesirable  action  of  the  trap  is  in  reducing  the  pumping 
speed,  for  the  gas  must  follow  a  devious  path  in  traversing  it  rather  than 
moving  directly  toward  the  pump*  The  realization  of  high  speed  requires 
not  only  that  the  pump  be  inherently  fast  but  also  that  it  be  connected 
to  the  bell  jar  through  tubing  as  short  and  as  wide  as  possible  with  few 
bends  and  obstructions* 

65.  The  all  glass  single  jet  mercury  pump  that  was  employed  in 
this  investigation  is  shown  to  scale  in  Plate  10*  The  drawing  needs 
little  explanation.  The  mercury  was  heated  by  the  220  volt  nichrome 
heater  operated  on  110  volts.  The  stream  of  mercury  vapor  passing  downward 
through  the  jet  J  sweeps  with  it  air  molecules  that  have  diffused  from 
the  intake  pipe  into  the  region  around  the  jet.  The  water  jacket  condenses 
the  mercury  vapor  which  then  returns  to  the  reservoir,  the  air  being 
removed  by  a  mechanical  fore-pump  connected  to  the  eschaust  of  the 
diffusion  pump.  The  trap  T  was  cooled  by  filling  the  vacuum  flask  with 

a  mixture  of  dry  ice  and  alcohol,  or  liquid  air.  The  arrows  indicating 
direction  of  flow  of  the  gas  show  hot/  such  a  trap  impedes  it.  Although 
more  efficient  traps  can  be  constructed  (several  types  are  described 
by  Strong*) ,  this  type  was  desirable  in  the  present  investigation 
which  was  conducted  in  part  in  the  humid  summer  months  when  formidable 
collections  of  ice  in  the  trap  were  sometimes  encountered.  The  trap 
was  easily  warmed  to  free  it  from  water  by  r amoving  the  vacuum  flask 
containing  the  refrigerant,  but  this  could  not  have  been  done  so  easily 
with  a  trap  which  itself  served  as  container  for  the  refrigerant  as  is 
the;  base  in  most  of  those  designed  for  greater  speed. 

66.  This  pump  was  adequate  for  the  purpose  to  which  it  was  put. 

The  lowest  pressure  attainable  in  the  system  was  10"5  mm  Hg,  About  15 
or  20  minutes  were  required  for  the  evacuation  of  an  18  liter  bell  jar 
to  5  x  1CT5  mm. 

67.  Larger  (faster)  mercury  pumps  can  be  constructed  of  steel 
that*  of  glass  but  a  glass  pump  is  more  nearly  free  from  internal  disorders 
such  as  rusting,  and  the  state  of  cleanliness  of  the  pump  can  be  determined 
by  visual  inspection. 

Ofl  Diffusion  Pumps 

68.  Many  of  the  limitations  of  mercury  pumps  have  been  overcome 
by  perfections  in  the  development  of  oil  diffusion  pumps.  Descriptions 
of  several  forms  of  these  pumps  have  been  given  by  Strong (8)  and  by 
•liekmanw).  They  offer  the  primary  advantage  of  greatly  increased 
Peiping  speed  which  comes  about  through  the  use  of  low  vapor  pressure 
oils  as  pump  fluids  in  place  of  mercury  so  that  for  ordinary  purposes 
n°  traps  are  necessary.  The  lowest  pressures  that  have  been  obtained 
vdth  such  pumps  without  traps  are,  according  to  Hickmanw),  2,5  x  10“^  mm 
^ibh  multiboiler  pumps  containing  Octoil  (2-ethyl  hexyl  pthalate)  and 

x  10~8  mm  with  Octoil  -S  (2-ethyl  hexyl  sebacate).  Use  of  a  cold  trap 
us  with  mercury  pumps  would  permit  lower  pressures  to  be  reached,  but 
"is  is  not  necessary  for  the  purpose  of  making  evaporated  films. 


* 

(8) 


Strong,  p.  122. 
Strong,  Chapter  III 
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69.  Even  though  its  vapor  pressure  is  low,  oil  will  diffuse  back 
into  the  bell  jar,  and  unless  such  back  streaming  is  eliminated  the  oil 
will  contaminate  all  parts  placed  in  the  vacuum  system  and  bring  about 
much  trouble.  Elimination  of  back  streaming  is  accomplished  by  the  use 
of  baffles  placed  in  the  intake  line  and  so  designed  as  to  condense  oil 
moving  toward  the  bell  jar  while  decreasing  the  effective  intake  area 

as  little  as  possible.  Hickman (9)  has  described  such  baffles  and.  in 
particular,  a  conical  baffle  discussed  in  more  detail  by  Morse (10 )  which 
they  have  found  to  be  effective.  The  action  of  such  baffles  can  be 
understood  from  the  description  of  one  type  which  is  said  to  be  fairly 
effective:  it  consists  of  a  right  angle,  water  cooled  turn  in  the  intake 
line  of  the  pump. 

_Ghoice  of  Diffusion  Pump 

70.  Among  physicists  there  is  no  consensus  at  the  present  time 

as  to  the  preferred  type  of  pump,  oil  or  mercury.  This  means  that  either 
type  is  satisfactory.  Because  of  their  very  great  pumping  speeds  and  the 
success  that  other  workers  have  had  with  them  in  making  evaporated  films, 
oil  pumps  are  perhaps  to  be  preferred.  Typical  performance  data  were 
recently  given  to  the  writer  by  Dr.  R.  S.  Morse*  who  stated  that  at  the 
national  Research  Corporation  where  an  oil  pump  of  capacity  100  liters/second 
is  used,  the  elapsed  time  between  placement  of  one  set  of  uncoated  lenses 
in  the  bell  jar  and  the  next  set  is  seven  minutes.  At  the  commencement 
x  thepactual  evaporation  the  pressure  is  10“^  mm  Hg  and  at  the  end  it 
is  10~,J  min.  This  performance  is  excellent.  Dr.  Morse  uses  one  of  his 
'  'U  conical  baffles  and  has  had  no  trouble  with  oil  entering  the  bell  jar. 


71„  in  recent  correspondence  with  this  Laboratory  one  manufacturer** 
; 'Ocrilotl  two  pumps  which  seem  to  be  adequate  for  such  work.  One,  a  glass 
■f'-l  pump,  was  described  as  follows :  "The  glass-metal  high  speed 
fusion  pump  has  a  speed  of  over  200  l/s  at  10-4  and  10“*  mm,  and  will 
"o^uce  an  ultimate  vacuum  of  10“^  mm,  and  operates  efficiently  at  a 
'eking  pressure  of  0.15  mm  .  .  .  .« 

, ,  72.  The  second  pump  that  they  recommend  is:  "A  recently  developed 

•  j.-r.etpi  vertical  pump  which  has  a  speed  of  300  l/s  and  will  operate 
-i.nst  a  backing  pressure  of  0.10  mm  and  will  produce  an  ultimate  vacuum 
1  10~°  mm  .  .  .  .» 

7.3.  The  desirable  characteristics  that  these  pumps  have  in 
--on  are  high  speed  and  efficient  operation  at  high  backing  pressures. 

v-v  will  operate  well  with  a  fore  pump  of  0.5  liter/second  capacity. 

■  in  production  work  the  vacuum  system  will  be  opened  many  times  a 
>  it  is  important  that  the  time  spent  in  re-evacuating  it  to  the 
-ire  at  which  the  diffusion  pump  begins  to  function  be  as  small  as 
-iile,  pumps  operating  at  backing  pressures  of  0,10  to  0.15  mm  should 
•'  ry  satisfactory. 


A  mechanical  oil  pump  is  required  to  reduce  the  system  to  the 
' in'f  pressure  of  the  diffusion  pump.  The  characteristics  of  several 


-uone  conversation, 
illation  Products  Co.,  Rochester,  N.Y, 


Hickman  type  pump, 
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commercial  types  have  been  discussed  by  Strong^)  who  gives  the  curves 
shown  in  Plate  12,  He  obtained  the  data  from  the  manufacturer  of  the 
pumps*.  Either  the  Megavac  (at  605  rpm)  or  the  Hypervac  20  -would  be 
adequate  for  quickly  reducing  the  pressure  in  the  bell  jar  to  the 
required  fore  vacuum, 

75,  The  Central  Scientific  Co,**  gives  data  from  which  the  time 
required  for  any  of  their  pumps  to  exhaust  a  given  volume  to  a  given 
pressure  can  be  calculated*  From  these  data  the  times  required  for  evac¬ 
uation  of  a  50-liter  volume  (bell  jar  about  35  cm  diameter  and  50  cm  high) 
from  atmospheric  pressure  to  10-3  am  have  been  computed  and  are  given 
below; 


Pump 

Hypervac  100 
Hypervac  20 
Megavac  600  rpm 
Megavac  325  rpm 
Hyvac 


76,  The  data  do  not  permit  calculation  of  the  time  to  reach  0,10  mm 
at  uhich  pressure  the  diffusion  pump  should  begin  to  function,  but  this 
■^ime  would  be  many  times  less  than  the  values  given  above* 


77.  Any  mechanical  pump  designed  for  use  in  evacuating  lamp  bulbs, 
neon  discharge  tubes,  etc,,  would  serve  for  this  purpose  also  if  the 
capacity  is  great  enough.  A  complete  list  of  vacuum  pump  manufacturers  is 
available  in  Thomas'  Register  of  American  Manufacturers.  In  this  Laboratory 
"oth  Cenco  and  Beach-Russ  pumps  have  been  used  with  success. 


,  _  '8,  The  vacuum  chamber  and  the  base  upon  which  it  stands  (designed 

-f  Cartvfri3ht)  are  shown  in  Plate  11,  which  is  drawn  to  scale. 

-laborate  description  seems  unnecessary.  The  electrodes  E  were  insulated 
rom  the  brass  base  by  glass  bushings  cut  from  Pyrex  tubing  and  by  mica 
■  nshers.  The  electrodes  ."ere  made  vacuum  tight  with  Apiezon  wax  Tt  which 
us  worked  well  into  the  clearance  space  between  electrode,  bushing,  and 
,'ase  Piste .  These  electrodes  have  given  no  trouble  with  leakage.  They 
'‘-r2  designed  to  carry  200  amperes  and  are  5/8"  in  diameter.  External 
-  eotrical  connections  were  conveniently  made  by  plugs  of  1/4"  brass  rod 
x  sltPPecl  into  the  bored  out  receptacles  in  the  bottom  ends  of  the 
'Gttr°Hes,  These  brass  plugs  were  made  by  s awing  a  slot  for  perhaps 
a?h  along  the  length  of  a  2  inch  rod  so  that  slight  spring  action  was 
-  “--xned.  There  were  six  electrodes  in  the  base  so  that  three  separate 
*  ^aments  could  be  used  or  (as  in  the  drawing)  one  electrode  could  serve 
support  the  frame  upon  which  the  lenses  to  be  coated  were  supported. 


Central  Scientific  Co., 
dialog  J-138,  p,  1572. 


Chicago. 


and  Gaskets 

Two  features  of  design  that  were  introduced  by  Dr.  Cartwright 
'comment.  One  is  the  rubber  gasket  rhich  serves  to  make  a  vacuum- 
*«eal  between  the  bell  jar  and  the  base  plate.  This  gasket,  1/8" 

I'  In  cross-section,  fits  into  a  circular  groove  in  the  base  plate 
r  *  ie  and  1/16”  deep.  Dhen  the  bell  jar  is  evacuated  the  pressure 
rubber  becomes  very  high  and  a  ti.-^it  joint  is  assured.  Removal  of 
jar  after  air  has  been  admitted  requires  only  that  it  be  lifted 
j;The  gasket  remains  in  place  and  the  procedure  involves  neither  the 
por  the  untidiness  of  a  wax  or  grease  joint.  A  suitable  rubber 
Is  purpose  is  Navy  pure  gum  sheet.  Navy  Department  Specification 
A*. 


SUE 


It  is  likely  that  in  very  large  installations  a  large  bell 
ie  by  sealing  off  the  end  of  a  length  of  Pyrex  glass  tubing  of 
Le  diameter  will  be  desirable.  Such  a  bell  jar  would  not  have  a 
base  as  does  the  one  illustrated,  and  in  this  case  it  would  be 
lent  to  cut  a  wider  groove  in  the  base  plate  (or  cut  no  groove  at 
id  use  a  wider  gasket,  say  l/8"  -thick  and  1/2"  wide.  Hie  narrow 
‘  the  bell  jar  would  produce  the  requisite  high  compression  of  the 
h  the  edges  of  the  gasket  would  tend  to  bow  up,  but  it  is  thought 
ie  seal  would  be  effective. 

Rubber  gaskets  can  be  cut  by  mounting  the  sheet  rubber  on  a 
*,with  glue  and  turning  this  at  moderate  speed  in  a  lathe,  using  a 
' tdged  tool,  or  a  fragment  of  a  razor  blade  soldered  to  a  suitable 
b,  lubricated  with  soap  and  water. 

fife.  There  should  be  on  hand  for  emergency  use  a  supply  of  Apiezon 
Compound  Q#*  which,  being  soft  and  putty-lilce,  can  be*  pressed 
ace  with  the  fingers.  It  can  be  used  in  place  of  the  rubber  gasket 
ires  more  time  and  labor. 

.  The  second  time  saving  device  is  the  valve  with  which  the  bell 

Sea^ed  off  from  the  diffusion  pump,  permitting  the  bell  jar  to 
opined  without  allovdng  the  diffusion  pump  to  cool  down.  Such  a  valve 
ov  0  +*!SSar^  ^  sPeed  °i  operation  is  desired.  The  valve  fits  as  a  cap 
into  ' 6  ex^aaus^  tube,  the  seal  being  made  by  a  rubber  gasket  which  fits 
120*  ^  Sroove  cut  around  the  outer  edge  of  the  cap.  Three  guide  vanes 

(two  shown  in  the  drawing)  restrain  the  valve  laterally.  The 
0/^ing  brass  rod  is  allowed  to  move  vertically  by  compression 
the^Sylphon  bellows;  when  open,  the  clearance  between  the  valve  and 
tK-  J*"aus‘t  pipe  is  about  1/2".  The  valve  is  opened  and  held  closed  by 
i**er  shown. 

The  w!  A-11  metal  joints  required  to  be  vacuum-tight  were  soldered. 
j  .  angle  turn  in  the  exhaust  pipe  was  silver  soldered  -  all  other 

t#  were  made  with  soft  solder,  but  traces  of  volatile  flux,  as  rosin. 


^n^ormabion  was  provided  by  the  Manhattan  Rubber  Mfg.  Div.  of 
ttaybestos  -  Manhattan,  Inc.  This  rubber  has  been  found  satisfactory. 

This  and  other  Apiezon  waxes  and  greases  ore  available  from 
James  Biddle,  Philadelphia. 
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should  not  be  allowed  to  remain  inside  the  vacuum  system,  and  all  interior 

r.  ir  faces  of  metal  parts  should  be  cleaned  of  every  trace  of  grease  and 

dirt  before  assembly.  Steel  may  be  used  in  place  of  brass  if  it  if 

: a dr.ium-plated  to  resist  rust.  Iron  rust  is  said  by  Strong*  to 

off  250  times  as  much  gas  as  brass.  ;  .jj 

Flatness  of  the  Base  Plate 

85.  The  base  of  the  tell  jar  should  seat  evenly  on  the  base  plate, 
especially  if  a  wax  or  grease)  seal  is  to  be  used.  If  the  base  plate  is 

to  be  made  of  brass,  a  flat  piece  should  be  chosen  and  used  without  being 
planed  or  ground  over  the  whole  surface  since  this  is  likely  to  produce 

warping,  but  it  is  permissible  to  grind  the  bell  jar  to  the  plate  over 

an  annular  area  some’. .hat  wider  than  the  width  of  the  flange  on  the  bell 
jar.  A  steel  base  plate  can  be  made  flat  over  the  entire  surface  by 
first  drilling  all  holes  and  then  surface  grinding  both  sides  in  turn 
until  it  remains  flat,  afterwards  cadmium  plating* 

86.  The  requirements  for  flatness  are  not  critical  when  the  lubber 
pasket  described  above  is  used,  and  materials  can  usually  be  found  that 

require  no  further  machining. 

37.  The  exhaust  of  the  system  shovm  in  Plate  11  was  sealed  to  the 
intake  of  the  diffusion  pump  (Plate  10)  with  Apiezon  IT  wax.  If  the 
uunp  were  metal  this  seal  could  be  made  with  flanges  on  both  exhaust  and 
intake  pipes  clamped  together  vith  a  lead  fuse  wire  or  rubber  gasket 
tween, 

88.  The  stopcock  shown  in  Plate  11  permitted  admission  of  air  to 
-he  bell  jar  and  re-evacuation  with  a  mechanical  pump  to  the  operating 
pressure  of  the  diffusion  pump.  A  bypass  from  the  stopcock  to  the  fore 
:-np  permit tin/  the  diffusion  pump  to  be  sealed  off  temporarily  from 

°th  the  bell  jar  and  the  fore  pump  while  connecting  the  latter  to  the 
’t opcode  would  permit  use  of  only  one  mechanical  pump  for  roughing  the 
1  ‘-11  jar  and  maintaining  the  fore  vacuum  in  the  diffusion  pump. 

89.  This  stopcock,  being  on  the  low  pressure  side  of  the  system, 

-jt  be  lubricated  only  with  a.  low  vapor  pressure  grease. 

-^laments 

90.  The  filament  F  which  is  used  to  vaporize  the  fluorides  is 
-  rnod  by  bending  a  olatinum  sheet  6  to  10  mm  wide  and  5  to  10  cm  long 

";t-o  a  rectangular  trough  left  flat  at  the  ends  to  permit  clamping  in  the 
lectrodes.  Such  a  filament  is  shown  in  the  insert  on  Plate  11.  The 
‘iekness  of  the  sheet  may  vary  from  2.5  mils  (0.0025  inch)  to  15  mils, 

thicker  filaments  being  less  susceptible  to  burning  out  by  over- 
'  ling  when  the  fluoride  evaporates.  Platinum  is  chosen  because  it  can 

i-'ted  in  air  to  fuse  the  fluoride  powder  before  evacuation  of  the 
11  iur.  This  prevents  the  fluoride  from  blovdng  off  the  filament  when 

-3  subsequently  heated  ill  vacuum. 


r°nf  j  p.  104. 
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81.  The  filament  is  heated  by  a  low  voltage  transformer  capable 
of  ipplying  200  amperes  at  about  2  to  5  volts.  The  currents  required  to 
h  'three  different  filaments  to  the  temperature  required  for  evaporating 

'•re  given  below: 


Size 

8  mm  x  40  mm  x  2*5  mil 
7  mm  x  55  mm  x  15  mil 
11.5  mm  x  40  mm  x  15  mil 


Current 

45  amperes 
120  amperes 
llore  than  150  amoeres 


convenient  if  the  transformer  has  taps  for  about  5,  10,  and  20 
since  other  filaments,  as  those  of  tungsten  used  in  evaporating 
ium,  require  higher  voltages  than  olatinum. 

{,  92.  The  current  was  controlled  by  a  Variac-i:-  transformer  in 
iput  line  of  the  filament  transformer. 


T.  93.  The  pressure  should  be  measured  v/ith  a  continuously  reading 
vaotfum  gauge.  For  details  of  construction  and  operating  characteristics 
of  the  several  gauges  available  the  reader  is  referred  to  Strongv^T  or 
Dun^yer' Three  types  are  useful.  The  thermocouple  gauges,  consisting 
■  k°t  wire  near  a  thermoelectric  junction  so  that  the  temperature  of 
and  the  thermocouple  response  become  greater  as  the  pressure 
i3  lowered,  is  useful  over  the  pressure  ran?;e  10-2  to  10-3  or  5  y  io~4  mm 
^8*‘  At  10-3  mm  it  is  safe  to  turn  on  an  ionization  gauge  which  functions 
*CHj  mm.  These  two  gauges  used  together  form  a  complete  system. 

^iild  the  thermocouple  gauge  can  be  dispensed  with  in  a  vacuum  system 
functioning  properly  because  the  operator  soon  learns  from  experience, 
y  Watching  the  glow  discharge  excited  by  a  high  frequency  induction 
by  the  sound  of  the  mechanical  pump,  in  some  oil  pumps  by  the 
Pl^ee  at  which  condensation  of  oil  occurs,  to  estimate  the  higher  pressures. 
:  ®. thermocouple  gauge  is  useful  in  hunting  lealcs  and  assures  that  the 
ionization  gauge  vd.ll  not  be  burned  out  by  being  turned  on  at  too  hich  a 
pressure. 


94.  The  ionization  gauge  is  a  triode  vacuum  tube  (radio  tubes  can 
e  adapted  to  the  purpose,  but  not  with  complete  reliability)  consisting 
0  the  usual  filament,  grid,  and  plate.  An  applied  potential  between 
Hament  and  grid  produces  an  electron  current  which  on  entering  the 
P®ae  between  grid  and  plate  ionizes  the  gas  there  by  impact,  ",/hen  a 
7^*1  potential  is  applied,  the  ionization  current  between  elate  and  grid 
.  ^®asured  with  a  nicroammeter  or  galvanometer  and  decreases  linearly 
has  h  ^  pressure  below  about  10-4  mm.  A  well  designed  ionization  gauge-;:-:;-::- 
tub  °6en  described  recently  by  Horse  and  Bov.de (U) .  Type  FP-62  vacuum° 
es  also  are  designed  for  this  use.  Circuits  for  operation  of  the 
gauges  are  available  in  the  literature  or  obtainable  from  the  manufacturers  ’ 
01  the  tubes, 

5^,  Type  100-K,  load  2  KVA  (General  Radio  Co.). 

General  Electric  Co.;  Central  Scientific  Co. 

Available  from  Distillation  Products  Co. 


(  ) 


95.  The  Pirani  guage  consists  in  its  simplest  form  of  two  lamp 
'  ulbs ,  one  highly  evacuated  and  sealed  off  and  -the  other  connected  to 
the  vacuum  system,  in  the  arms  of  a  'Wheatstone  bridge  circuit*  The 
filaments  are  heated  by  the  bridge  current  and  that  one  e:iposed  to  air 
*h°  vacuum  system  becomes  hotter  and  of  higher  resistance  as  the  pros: 
is  reduced,  so  that  the  unbalance  of  the  bridge  registered  by  a  micro— 
'nneter  is  a  measure  of  the  pressure*  The  useful  range  of  such  a  gauge 
is  o.l  to  about  5  x  10”5  mm,  but  reliable  measurements  near  the  lower 
limit  of  the  scale  require  careful  calibration  against  a  McLeod  gauge* 
Ithough  the  ionization  gauge  is  much  to  be  preferred  for  this  work*  a 
Pirani  gauge  may  suffice  for  production  work*  Since  evaporation  will 
usually  be  commenced  at  10-*  nm  a  gadge  reading  reliably  to  about  S  x 
rm  would  perhaps  be  satisfactory*  However*  neither  the  thermocouple  gauge 
nor  the  Pirani  gauge  that  were  used  in  part  of  this  investigation  were 
'considered  to  be  reliable  enough  toward  the  lower  ends  of  their  ranges* 
Pressures  'were  ultimately  read  with  a  lioLaod  gauge  which  is  not  reccrrwmt 
for  production  work  because  it  ia  not  continuously  reading* 


CONCLUSION 


96.  Any  vacuum  system,  no  matter  hear  well  designed,  will  require 
r  ;n?.ir  and  expert  attention  from,  tine  to  time*  Two  courses  may  be 
-ollowed  in  successfully  establishing  production  units* 


(a)  Complete  units  nay  be  purchased  from  institutions  experienced 
in  the  design  and  construction  qf  such  equipment*  and  operated 
by  personnel  previously  experienced  in  such  work  or  capable 
of  acquiring  the  necessary  experience,  or  preferably 


/'■  ‘  4  \ 


(b)  Experienced  vacuum  technician*  may  be  engaged  who,  given  the 

_  J  J  weAimwi  aaaW 


acuum  an yr  uo  way,  v*. 

necessary  pUmps,  can  design  their  own  vacuum  systems,  each 

to  his  own  liking. 


97  •  Improvement  in  production  practice  and  more  nearly  continuous 

^ration  of  the  production" units  will  result  if  small  auxiliary 
J-.norstion  apparatus  is  available  for  experimentation* 


98.  The  reader  of  this  incomplete  discussion  of  vacuum  technique 
-Pnreciate  a  remark  by  Hickman***  "Clearly,  the  means  of  producing 
:npty  cabinet  neatly  and  economically  still  eludes  the  engineering 


'  n  e 


'^icist." 


distillation  Products  Co.,  Rochester,  N.Y*;  Central  Scientific  Co*, 
‘I'icagoj  Baird  Associates,  Cambridge,  Hass.;  National  Research 
Corporation,  Boston;  Vard-Kechanical ' Laboratories,  Pasadena; 

<1.  Cartwright,  48  '.Test  Fourth  St.,  Corning,  H.Y.;  Evaporated 


‘  j-lns  Co.,  Ithaca, 
'‘a,~  no  Icnowlectge . 


N.Y.;  and  perhaps  others  of  whome  the  v/riter 


Loo. 


cit.,  P.  311. 
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Chapter  V. 


THE  EVAPORATION  PROCESS 
Cleaning  the  Glass 

99.  The  glass  parts  to  be  coated  must  be  chemically  clean.  Rubl 
Cloves  should  be  worn  to  prevent  contamination  of  the  clean  surface  with 
oil  from  the  fingers.  The  glass  is  first  washed  with  a  clean  cotton 
and  soap  and  water  or  some  detergent  such  as  Dreft  or  Alphasol.  After 
rinsing  with  water  the  glass  is  washed  in  sodium  or  potassium  hydroxide 
solution,  and  then  in  nitric  acid.  The  glass  will  not  be  damaged  by  the 
cleaning  solutions  if  they  are  applied  only  for  the  time  required  for 
cleaning.  Glass  left  in  the  solutions  may  be  etched.  A  safe  and  effec 
method  of  applying  the  cleaning  solutions  is  to  rub  the  surface  of  the 
"lass,  already  wet  with  water,  briefly  but  thoroughly  with  a  finger 
(in  rubber  glove)  that  has  been  dipped  in  the  alkali  or  acid  bath.  The 
lens  is  then  flushed  immediately  with  water  and  Wiped  dry.  If  the  water 
is  allowed  to  evaporate  streaks  will  remain  on  the  glass  even  when 
distilled  water  is  used. 

100.  Ordinary  paper  towels  have  been  found  satisfactory  for  blotting 

"?f  the  excess  water.  No  scratching  of  the  glass  has  been  encountered  1 

•■'cause  care  has  been  taken  not  to  rub  very  hard  with  the  paper.  Final  f  ■ 

caces  of  water  can  be  removed  with  lens  paper.  Lint  left  by  the  paper  is 

.-cnoved  by  a  method  described  below.  _  * 

101.  in  place  of  paper  the  lenses  may  be  wiped  dry  with  cloth, 
ut  it  must  have  been  laundered  a  great  many  times  to  remove  natural  oils. 

1"  linen  is  perhaps  to  be  preferred  to  cotton.  Cloth  does  not  leave 
-int,  and  its* use  eliminates  the  troublesome  operation  of  removing  it; 

;r,tu,  hov/ever,  is  more  likely  to  recontaminate  the  surface  than  paper 
■cause  the  latter  is  discarded  after  being  used  while  the  cloth,  if  used 
ay  times,  will  eventually  become  dirty  again.  Since  "dirtiness"  as 
’“d  here  is  not  something  that  can  be  seen,  the  first  knowledge  that  the 
1  1  h  is  dirty  is  given  by  the  appearance  of  spots  and  streaks  on  the 
'Y  nor  a  ted  film,  often  some  time  after  it  has  been  removed  from  the  bell 
r>  Small  squares  of  cloth,  each  piece  being  used  only  one  time  (or  more  k, 
’■Ho  as  experience  may  prove),  and  dispensed  from  a  suitable  receptacle, 

,Jld  be  satisfactory. 

— --yhl  of  Lint  and  Dust 

102.  Special  camel*s  hair  brushes  constructed  by  cementing  the 
,  :tl«s  around  the  outer  edge  of  a  brass  tube  (inside  diameter  1/16  to 

inch)  with  Insolute  cement  are  used  by  the  Washington  Navy  Yard  Optical, j 
The  hollow  handle  of  the  brush  can  be  connected  to  a  small  vacuum  ••  *1 
"'r'  such  as  a  water  aspirator  or  mechanical  suction  pump  by  rubber 
irub  and  when  it  is  used  in  this ‘way  lint  and  dust  can  be  removed  with 
.nntiest  touch.  The  brush  can  be  washed  with  organic  solvents  to 
'  vy  grease,  and  it  is  the  most  effective  device  the  writer  has  seen  for 
dust,  if  very  carefully  washed  and  subsequently  protected  from 
:Y  source  of  dirt  it  should  be  useful  in  the  final  step  of  cleaning  the 
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'*  103*  Hair  brushes,  however,  cannot  be  subjected  to  the  complete 
claming  that  can  be  given  to  glass.  Such  a  brush*  has  been  used  by 
^Writer  sometimes  with  success  and  at  other  times  with  the  discouraging 
Lt  of  leaving  oil  films  on  the  glass.  The  glass  appeared  to  be  dean, 
E spots  sometimes  resulted  after  the  films  had  been  deposited.  A 
jtitute  for  the  vacuum  brush  is  a  brushless  nozzle  for  the  vacuum 
tier  made  by  drawing  down  the  end  of  a  glass  tube  to  leave  a  small 
lg  about  one-half  or  one  millimeter  in  diameter.  Such  a  tip  for  the 
cleaner  can  be  washed  in  acid  to  make  it  chemically  dean.  'While 
not  quite  as  effective  as  the  brush,  only  the  most  tenacious  dust 
tides  resist  it,  and  these  can  be  dislodged  by  brushing  lightly  with 
giglass  tip.  The  rounded  fire-polished  end  will  not  injure  the  surface 
he  lens . 


104.  After  the  glass  has  been  cleaned  it  should  be  placed  in  the 
jar  and  coated  with  its  non-reflecting  film  as  promptly  as  possible 

ise  it  will  soon  become  covered  with  a  monomolecular  layer  of  oil  if 
^  exposed  to  the  air. 

for  Cleanliness 

105.  The  standard  and  perhaps  the  best  test  for  cleanliness  of  a 
(s  surface  is  to  observe  the  -uniformity  of  the  vapor  deposit  formed 

the  glass  is  breathed  upon.  Non-uniform  breath  figures  show  where 
rt  lies,  for  water  condenses  to  form  a  transparent  invisible  film 
ean  glass,  but  a  gray  visible  film  on  dirty  surfaces.  However,  the 
h  itself  may  contaminate  the  surface,  and  it  is  better  after  careful 
cal  cleaning  to  observe  whether  water  spreads  uniformly  over  the  glass, 
op  of  water  should  wet  chemically  clean  glass  well  enough  to  flow 
the  entire  surface.  If  the  film  of  water  draws  away  from  the  edges 
'rom  localized  areas  of  the  surface  the  cleaning  process  must  be 
Ated,  The  film  of  water  will  evaporate  uniformly  over  the  entire 
race  of  clean  glass,  and  when  it  becomes  sufficiently  thin,  interference 
‘rs  like  those  produced  by  thin  films  of  oil  can  be  seen.  If  interference 
s  can  be  seen  after  the  water  has  evaporated  they  are  due  to  oil 
e  glass,  which  must  be  recleaned. 


ining  with  Electric  Discharge 

106.  Glass  cleaned  by  the  method  that  has  been  described  is  usually 
&  enough.  After  it  has  been  placed  in  the  vacuum  chamber  further  clean- 
ih8|Can  be  effected  by  producing  an  electric  discharge  in  the  gas  while  the 
system  is  being  pumped  out.  This  is  done  conveniently  with  a  high  frequency 
induction  coil  (leak  detector)  mounted  outside  and  in  contact  with  the 
glass  bell  jar.  Such  an  induction  coil  is  a  necessary  adjunct  to  vacuum 
equipment  because  of  its  usefulness  in  finding  the  source  of  trouble  when 
leaks  develop  or  the  pumps  do  not  function  properly.  With  the  system 
operating  properly  it  serves  the  double  purpose  of  giving  the  operator  a 
visual  means  of  following  the  progress  of  the  evacuation  and  of  producing 
final  cleaning  of  the  glass  surfaces  by  ionic  bombardment.  That  this  clean-, 
fftg  method  i3  effective  for  traces  of  dirt  is  best  shown  by  the  common 
experience  that  glass  on  which  metals  are  to  be  sputtered  with  a  high 


*  Provided  by  Mr.  A,  J.  Devlin,  Optical  Shop,  Washington  Navy  Yard. 
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ntial  discharge  does  not  require  to  be  so  carefully  cleaned  as  glass 
i  which  films  are  to  be  evaporated. 

lininary  Treatment  of  Glass 


107.  Glass  that  has  been  freshly  polished  is  easily  cleaned,  but 

-  is  wiped  with  organic  cleaning  agents  such  as  xylol  or  benzene  which 
'  ■  to  spread  a  thin  layer  of  oil  over  the  surface,  or  if  a  layer  of 

wi  has  been  left  on  the  surfaces  of  cemented  lenses,  the  chemical 
ring  process  becomes  difficult  to  carry  out.  Cemented  lenses  should 
reed  of  every  trace  of  excess  balsam  by  wiping  with  absorbent  cotton 
:■  Icohol.  By  far  the  most  difficult  contaminant  to  remove  has  proved 
his  investigation  to  be  Canada  balsam.  In  general,  the  glass  surface 
Jid  be  left  as  nearly  untouched  after  it  leaves  the  lap  as  is  possible. 

108.  Cemented  lenses  and  prisms  that  have  had  one  face  silvered 
painted  present  another  difficulty:  Canada  balsam,  or  paint,  unless 
and  well  dried,  may  have  vapor  pressures  so  great  that  evacuation 

-  system  to  the  required  low  pressure  of  1CT4  to  10“^  mm  is  impossible. 

-  are,  in  fact,  very  few  organic  materials  that  can  be  used  inside  a 
vacuum  apparatus  and  these  are  the  special  waxes,  greases  and  oils 

j-ied  just  for  that  ‘/urpose.  A  paint  which  can  be  used  to  cover  the 
'  of  cemented  lenses  and  which  can  be  put  on  over  the  special  protective 
■ised  on  silvered  surfaces  is  Glyptal#  lacquer.  This  lacquer  when 
'(!£. room  temperature  has  a  vapor  pressure  only  8.5  times  that  of 

It  may  turn  out  not  to  be  necessary  to  paint  over  the  balsam 
■'toctive  black  paint  when  very  large  pumps  are  used  and  reasonable 
of  these  volatile  compounds  is  allowed.  In  the  course  of  this 
1  -tion  both  old  and  nevr  optical  parts  presenting  free  surfaces 
''  'o?lsam  and  paint  were  coated.  There  was  never  any  difficulty 
^inr,  the  pressure  with  old  parts  or  new  parts  lacquered  with 
- >  there  was  always  difficulty  with  unlacquered  new  parts,  both 
nMa  balsam  and  protective  black  paint. 

—'-ton  of  the  Filmr; 

•  The  platinum  filament,  Plate  11,  is  filled  with  the  fluoride 
f'  i  ■,',aated  in  air  until  all  the  powder  is  fused.  Unless  this  is 
1  uov/der  will  blow  off  the  filament  7/hen  it  is  heated  in  vacuum*#-. 

parts  to  be  coated  are  then  put  into  position  on  their  supporting 
;  (Plate  11)  and,  unless  the  lenses  and  their  support  fill  nearly 
"  wross  section  of  the  bell  jar  leaving  few  interstices  through 
fluoride  vapor  can  pass,  they  are  covered  over  with  a  watch 
w'--vent  irregular  deposition  of  the  film  material  on  their  top 


J1  Electric  Company. 

’:v-n  it  is  prefused  kgFg  sometimes  explodes  when  the  evaporation 
J-ri,  depositing  small'"specks  of  the  material  on  the  lens.  These 
"rd  to  remove,  but  they  can  be  prevented  by  heating  the  fluoride 
’ly  or  by  arranging  a  shield  over  the  filament  to  be  removed 
n-  tic  control  or  by  means  of  a  ground  joint  in  the  base  when 
1  '"■'•ido  is  hot  and  the  fluoride  has  begun  to  evaporate. 
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If  several  lenses  are  to  be  coated  at  one  time  the  support  should 
nt  into  a  rough  spherical  segment  so  that  each  lens  faces  squarely 

■  1  the  filament,  A  distance  of  25  or  30  cm  above  the  filament  is 

-  vde  for  producing  fairly  uniform  films  on  lenses  distributed  over 

-  cm  diameter  support, 

110.  While  the  bell  jar  is  being  evacuated  the  filament  is  out- 
:  i  by  being  heated  to  redness  (but  not  to  the  melting  point  of  the 
-*),  so  that  water  vapor  and  trapped  gases  are  driven  off*  This  may 
*inue  through  almost  the  entire  period  of  evacuation  if  the  pump  is 
*•'  fast.  Not  more  than  two  or  three  minutes  are  required  for  freeing 
’  c lament  of  gas,  and  if  it  is  not  to  be  left  warm  through  the  entire 
"cation  it  were  better  heated  after  the  pressure  has  been  reduced 
"lie ratly  than  at  the  beginning  of  the  pumping. 

^111.  When  the  pressure  roaches  10“^  mm  the  filament  is  heated  until 
-luoride  melts  and  within  30  seconds  or  a  minute  as  the  operator  chooses, 
'  ilm  '..111  be  made*  Practice  soon  establishes  the  necessary  experience 
cr?d  for  controlling  filament  temperature.  The  evaporation  need  only  to 
:•  Td  slowly  enough  that  the  growth  of  the  film  can  be  watched  easily. 

'•*a  correct  film  thickness  is  nearly  reached  the  temperature  nay  be 

-  'Ply  reduced  to  permit  more  accurate  termination  of  the  evaporation. 

— lUiUlng  the  Film  Thickness 

112.  The  grov.’th  of  the  film  is  watched  by  observing  the  color 
•‘;os  h  white  light  reflected  from  the  surface.  A  frosted  electric 
•“  P-rtly  painted  over  the  surface  so  that  a  rectangular  area  about 

-  cm  is  left  bare  is  a  convenient  source.  The  clearly  defined  edges 
’•  0  rectangle  enable  the  observer  to  distinguish  between  images 

-  -Pci  from  the  two  surfaces  of  plane  parallel  parts  or  from  the  two 
•it ting  faces  of  a  totally  reflecting  prism,  When  lenses  are  being 

■  the  Images  from  top  and  bottom  surfaces  can  always  be  identified 

-  tnd  ?n  unpainted  light  bulb  is  adequate. 

The  sequence  of  colors  through  which  the  reflected  light  passes 
—Im  increases  in  thiclcness  is  that  seen  in  a  vertical  (wedge  shaped) 
-1*  .  A  very  thin  film  appears  gray.  As  it  grows  thicker  the  light 
r  yellowish  and  then  red  when  the  thickness  producing  least  reflection 
light  is  reached,  ..hen  the  optical  thickness  becomes  equal  to 
7  ■  -r  vrave-length  of  green  light  near  the  middle  of  the  spectrum  the 

light  is  purple,  and  at  this  point  the  evaporation  should  be 
•  The  pur  pie  color  should  be  slightly  more  blue  than  red,  but  the 
"  "t  for  precision  is  not  great;  if  the  film  appears  to  the  observer 
-'fi-j  not  distinctly  red  or  blue,  it  will  be  satisfactory. 

*  If  the  thickness  is  allowed  to  grow  further  the  film  will 
■  -  -a  signifying  maximum  transmission  for  red  light.  If  the  evapora— 

-  -yiPinuod  beyond  this  point  the  color  sequence  begins  over  again  ‘ 
•-•ickness  becomes  equal  to  three-quarter  wave-lengths  of  blue  light, 

’  '-ventually  a  thickness  Trill  be  reached  for  vhich  the  phase 

between  wave-lengths  at  the  ends  of  the  spectrum  is  not  great, 

■  -'ill  appear  white.  This  is  the  required  condition  for  a 
'looting  film  of  zinc  sulphide  (paragraph  24  ff.). 


Physiological  Note 


115.  All  the  metallic  fluorides  are  protoplasmic  poisons  and  care 
should  be  exercised  to  prevent  their  entering  the  body,  especially  by 
breathing  when  the  powder  is  being  fused  on  the  filament  while  the  system 
is  Open  to  the  air.  The  bell  jar  or  another  glass  vessel  can  be  placed 
over  the  filament  to  trap  the  material  that  comes  off  the  filament 
during  this  process.  'Then  the  bell  jar  is  removed  after  the  evaporation 
a  strong  odor  can  sometimes  be  detected.  It  is  not  known  to  what  extent  the 
materials  decompose  in  the  course  of  the  evaporation,  but  whatever  the 
for#  of  the  vapor,  fluoride  or  fluorine,  its  effect  is  to  produce  unpleasant 
bronchial  irritation  which  can  be  the  prelude  to  infection.  The  question 
of  placing  ventilating  hoods  over  production  units  should  not  be  passed 
ovep  without  consideration  by  those  competent  to  say  how  great  the  danger 
of  prolonged  exposure  may  be*  A  simple  respirator  with  a  filter  for  trapping 
dust  and  condensable  vapors  has  been  found  to  remove  most  of  the  odor  from 
the  hot  salt  and,  presumably,  most  of  the  danger. 


Chapter  VI. 


MECHANICAL  PP-OPERTCS  OF  THT!  yTTKS 

Hardness 


116 .  The 


evaporation  must  be  made  at  pressures  less  than  10“d 


mm 


fllmf  °f  M§F2  and  cryolite  are  to  be  produced.  Films  of  CaF0 
sewn  always  to  be  soft.  The  others,  MgFg  and  cryolite,  are  hard  2 

SIS?  ?hWlthS^fd  daadling  and  Sentle  rubbing  ’with  lens  paper  or  soft 
They  7111  not  bear  abrasion  or  vigorous  rubbing  since  even  the 
arISt?1Scar^  relatlvely  soft  (Table  III).  This  table  shows  that 
Mgfg,  hardness  5,  forms  more  durable  filns  than  cryolite.,  hardness  2.5. 

Hardening  by  Heat 


117‘  Magnesium  fluoride  films,  although  hard  enough  for  purposes 

wM  FT**  Can  be  made  even  harder  by  heating  to  about  400°C.  after 
icn  they  can  hardly  be  removed  by  rubbing  with  cloth,  provided  the 
gxass  upon  which  they  are  deposited  is  clean.  Heating  of  good  optical 
parts  should  be  carried  on  under  such  conditions  that  strains  will  not  be 
,UP*  P°r  most  purposes  it  is  not  necessary  that  the  fiLns  be  so 
ardened  unless  they  are  to  be  on  surfaces  exposed  to  dirt  and  subject 
o  requent  cleaning.  The  only  measure  of  durability  of  such  exposed 
:~r®f  of  which  the  writer  has  knowledge  is  that  on  ordinary  eye  glasses, 
tbo  frequent  cleaning  and  constant  exposure  to  the  elements,  they 
mam  for  about  8  months  before  thin  spots  begin  to  appear. 

Hardening  with  Age 


118*  Films  of  J.'gFg  generally  become  harder  with  age,  but  not  so 
.f  aa  vr’’ien  bhey  are  heated.  In  addition,  the  surfaces  rrobably  acauire 

oil  *»■  V*  "Trim***,  «*  tills  impress 
du^blllty  ’•■'ithout  producing  the  decrease  in  light  transmission 
uiscussed  m  paragraph  52  ff. 

Meet  of  7,'atpr 

119.  MgFg  films  have  been  soaked  in  water  for  several  days  with 

inc^r °f  their  °Ptic£l  Properties  but  in  every  case  with  soften- 
rehoa+  •  "llm:  The  filr‘s  30  softened  regain  their  hardness  upon 
with  tlng-’  ab  is  nob  definitely  known  if  they  become  hard  again 
an  Tbe  Problem  is  no't  serious  for  optical  parts  mounted^inside 

ina  trur.ent  provided  they  do  not  have  to  be  taken  out  for  freouent  clean- 
t  o*  condensation  of  moisture  in  normal  use  should  not  soriousi--  affect 
-  n*  lb  remains  to  be  seen  how  these  fills  withstand  the  various 
-  ses  of  use  under  service  conditions. 


are  a  Si  +  P  has.bean  observed,  however,  that  fills  freshly  deposited 
“Oject  to  rapid  and  serious  attack  by  moisture.  HgFp  films 

frill  ia’ed  °n  Wet  days  T,7hen  t:*'-  relative  humidity  was  80  per  cent  often 
Filin  d  and  bac?me  unusable  immediately  upon  opening  the  bell  jar. 
haveS  made  °n  dry  days  ’/'hen  -dis  relative  humidity  was  50  or  GO  per  cent 
never  been  observed  to  deteriorate  upon  subsequent  exposure  to 


moisture.  Also,  films  made  on  a  very  wet  day  but  allowed  to  remain  in 
the  evacuated  bell  jar  over  night  were  not  damaged  when  exposed  to  air 
on  the  following  very  humid  day.  The  available  experience  does  not 
permit  a  decision  as  to  whether  an  air  conditioned  room  should  be 
specified  as  a  necessary  environment  for  successful  manufacture  of  the 
films  on  humid  days  because  the  effects  that  have  been  described  were 
observed  in  only  a  few  cases  on  the  wettest  days .  CaPg  films  evaporated 
on  wet  days  were  stable. 


Chapter  VII. 


MARY  AMD  CONCLUSIONS 

121.  The  detail  in  which  this  report  has  been  written  is  perhaps 
:■ "3tified  not  by  any  novelty  of  the  fundamental,  phenomena  upon  which  the 

:tion  of  the  films  is  based  nor  because  knowledge  of  vacuum  technique  is 
t  -widespread  but  rather  because  many  of  the  subjects  that  have  been 
'-.scussed  are  those  about  ihich  questions  were  continually  arising.  The 
-scussion  of  many  of  these  things  is  incomplete;  it  is  expected  that 
-any  simplifications  and  improvements  in  technique  vd.ll  evolve  in 
c  ‘.o.-.lishments  where  production  units  are  -out  into  operation  and  that 
-  ,ch  additional  information  about  the  optical  and  mechanical  properties 
:  the  films  will  be  acquired.  The  summary  that  follows,  accordingly, 
-"hasizes  those  things  that  are  thought  to  be  fundamental.. 

if fusion  Pumps 

122.  it  is  recommended  that  oil  diffusion  pumps  be  used  rather  than 
-rcury  pumps  for  these  reasons: 

(a)  Pumping  speeds  of  200-300  liters/second  .are  easily  obtained  30 
that  minute  leaks  and  adsorption  of  gases  by  the  walls  of 
the  system  are  not  so  likely  to  be  sources  of  trouble. 

(b)  Since  these  pumps  require  no  traps,  they  produce  a  dry 
vacuum,  the  water  being  pumped  out  along  witn  otner  gases. 

Although  a  mercury  pump  with  a  trap  cooled  with  liquid 
air  would  also  remove  water  vapor,  the  use  of  dry  ice  would 
not.  The  oil  pump  eliminates  the  necessity  for  obtaining 
liquid  air  from  outside  sources. 

123.  oil  pumas  may  be  purchased  or  they  can  be  built  by  personnel 
:'.iv;ed  to  superintend  the  work.  It  must  not  be  concluded  that  the ^ 

■y,f  o nuance  of  any  ’Dump  or  arrangement  of  appars.tus  descrioed  in  this 
'Port  cannot  be  satisfactorily  met  by  other  equipment  differing  greatly 
'  Assign,  Most  persons  who  have  engaged  in  vacuum  work  have  at  one 
■  or  another  built  pumps  for  special  purposes ,  and  there  are  many 
"  !  designs. 

nicol  Pumps 

124.  As  examples ,  the  Central  Scientific  Company  Megavac  600  rps, 

olty  0.5  liter/second  at  10"2  ram,  or  the  Hypervac  20,  capacity  1.5  liters 

nri  at.  1CT2  mm  are  adequate  for  producing  the  necessary  forevacuum. 

hi  a:  rnd  Gaskets 

125.  The  valve  shown  in  Plate  11  for  closing  off  the  diffusion 

'  -'ron  the  bell  jar  so  that  consecutive  evaporations  ecu  be  made  without  ; 

a g  for  the  pump  to  cool  has  been  very  successful  and  is  considered 
necessary  part  of  any  equipment  designed  for  last  work* 

-l'.  The  narrow  rubber  gasket  (Navy  pure  gum  sheet.  Specification 

-  )  -.sed  for  sealin^  the  bell  jar  to  the  base  plate  nas  been 


I 


factory  and  ha3  given  less,  trouble  with  leakage  than  any  other 
rubber  gaskets  or  wax  seals.  i 

re  Gauges 

27.  It  is  recommended  that  ionization  gauges  be  used  to  measure 
timate  low  vacuum  required  for  the  evaporation  of  hard  films  with 
xpensive  thermocouple  gauge  for  measuring  pressures  above  10“°  mm  ' 
it  is  not  safe  to  operate  the  ionization  gauge. 

aterials 

28.  Since  magnesium  fluoride  forms  the  hardest  films,  it  is 
ended  that  this  material  be  used  (with  comparative  experiments  on 
te  highly  desirable).  Hardening  of  the  films  by  he?t  is  not 
ended  since  if  they  are  deposited  at  low  pressures  they  are 
Rough  to  permit  assembly  of  instruments  without  damage.  It  is 
commended  that  the  films  be  waxed  to  make  them  waterproof  unless 
uent  experience  with  instruments  at  sea  shows  that  this  opinion 
be  altered.  Exposed  surfaces  nay  be  either  coated  with  the 
or  left  bare.  If  coated,  the  films  probably  will  be  removed 
aning  unless  they  are  hardened  by  heat,  but  this  would  not 
ere  with  use  of  the  instrument. 

search 

29.  Since  laboratory  experience  with  problems  of  this  sort 
pre-determine  completely  the  difficulties  of  production,  it  is 
ended  that  continued  experimentation  be  carried  on  in  the  places 
production  work  is  being  done,  hence,  where  new  problems  arise. 
TtKjLiterature  on  the  subject  of  reducing  the  reflection  of  glass  by  the 
u3f?-d£  evaporated  films  is  meager,  ’>ut  new  information  can  be  expected 

*pear  with  increasing  frequency.  It  is  desirable  that  new  suggestions 
yestigated  under  conditions  that  permit  comparison  with  existing 
ices,  and  this  can  best  be  done  in  the  laboratories  of  the  optical 
engaged  in  the  work,  and  where,  in  fact,  many  of  the  i. -proved 
ices  should  originate. 


Table  I 


Transmission  by  Glass  Plates. 

(No  absorption  losses  are  included.) 


Number  of 

Refractive  Index 

Crov/n  Glass  Coated 

Surfaces 

1.50 

1.575 

1.65 

with  MgFg 

1 

0.96 

0.95 

0.94 

0.99 

2 

0.92 

0.90 

0.88 

0.98 

4 

0.35 

0.81 

0.73 

0.96 

6 

0.78 

0.73 

0.67 

0.94 

8 

0.72 

0.66 

0.61 

0.92 

.  10 

0.66 

0.60 

0.54 

0.90 

12 

0.61 

0.53 

0.45 

0.83 

14 

0.56 

0.48 

0.42 

0.87 

16 

0.52 

0.43 

0.37 

0.85 

18 

0.48 

0.39 

0.33 

0.84 

20 

0.44 

0,36 

0.29 

0.82 

22 

0.40 

0.33 

0.24 

0.80 

24 

0.57 

0,28 

0.20 

0.78 

Table  II 

Transmission  Factors  of 

7x50  Binoculars 

Coated  with  Metallic  Fluoride  Films.*- 

Number 

Film  Material 

Left  Barrel 

Riiht  Barrel 

1010 

Magnesium  fluoride 

0.71 

0.72 

1023 

Magnesium  fluoride 

0.75 

0.72 

1009 

Calcium  fluoride 

0.74 

0.72 

1028 

Calcium  fluoride 

0.72 

0.00 

972 

Cryolite 

0.75 

0.71 

1006 

Cryolite 

0.72 

0.71 

Transmission  by  uncoated  binoculars  -  0.55 

*  These  data  ’mere  provided  by  the  Optical  Shop,  ashington 
Navy  Yard. 


Table  III 


Properties  of  Metallic  Fluorides . 


Solubility 
in  grans 


Name 

Formula 

n  ,  n 
<r  e 

Melting 
Point,  °C. 

Boiling 

Point 

per  100  cc 
cold  water 

Hard¬ 

ness 

Magnesium 

fluoride 

MgFg 

1.378,  1.39 

139G 

2239 

0.0076 

5 

Calcium 

fluoride 

CaF2 

1.434 

1360 

— 

0.0C1G 

4 

Sodium 

aluminum 

fluoride 

3NaF*AlF3 

1.3G4 

1000 

.. 

si.  s. 

2,5 

These 

data  are  from 

the  Handbook 

of  Chenis 

try  and  ? 

v/sics  (Ghemic 

ul 

Rubber  Co.),  23rd  ed.,  p,  360  ff. 


The  hardness  sc;-le  is: 


1  Talc 

2  Rock  salt 

3  Calcito 

4  Fluorite 

5  Apatite 


G  Feldspar 

7  Quartz 

8  Topaz 

3  Ccrv.nt.ir. 
10  Diamond 


■factory  and  has  given  less  trouble  with  leakage  than  any  other 
t)  rubber  gaskets  or  wax  seals.  h 

fcSSL  Gauges 

127.  It  is  recommended  that  ionization  gauges  be  used  to  measure 
ultimate  low  vacuum,  required  for  the  evaporation  of  hard  films  with 
expensive  thermocouple  gauge  for  measuring  pressures  above  10~3  ran 
(I  it  is  not  safe  to  operate  the  ionisation  gauge. 

I 

jjjfaterlals 

'128.  Since  magnesium  fluoride  forms  the  hardest  films,  it  is 

toended  that  this  material  be  used  (with  comparative  experiments  on 

p.te  highly  desirable).  Hardening  of  the  films  by  heat  is  not 

mended  since  if  they  are  deposited  at  low  pressures  they  are 

'enough  to  permit  assembly  of  instruments  without  damage.  It  is 

Recommended  that  the  films  be  waxed  to  make  them  waterproof  unless 

•quent  experience  with  instruments  at  sea  shows  that  this  opinion 

|d  be  altered.  Exposed  surfaces  nay  be  either  coated  with  the 

I  or  left  bare.  If  coated,  the  films  probably  \dll  be  removed 

leaning  unless  they  are  hardened  by  heat,  but  this  would  not 

Piero  with  use  of  the  instrument. 

* 

Research 

gl29.  Since  laboratory  experience  with  problems  of  this  sort 
It  pre-determine  completely  the  difficulties  of  production,  it  is 
•mended  that  continued  experimentation  be  carried  on  in  the  places 
I  production  work  is  being  done,  hence,  where  new  problems  arise, 
literature  on  the  subject  of  reducing  the  reflection  of  glass  by  the 
pf  evaporated  films  is  meager,  but  new  information  can  be  expected 
•pear  with  increasing  frequency.  It  is  desirable  that  new  suggestions 
investigated  under  conditions  that  permit  comparison  with  existing 
Ibices,  and  this  can  best  be  done  in  the  laboratories  of  the  optical 
|  engaged  in  the  work,  and  where,  in  fact,  many  of  the  improved 
lices  should  originate. 


Table  I 


Transmission  by  Glass  Plates. 

(No  absorption  losses  are  included.) 


'■  5 

V 

Number  of 
Surfaces 

Refractive  Index  Crown  Glass;  Coated 

1.50  1.575  1.65  with  MgFg 

yA  * 

A 

1 

0.96 

0.95 

0.94 

0.99 

ft  " 

2 

0.92 

0.90 

0.88 

0.93 

X. 

4 

0.85 

0.81 

0.73 

0.96 

fuE 

6 

0.78 

0.73  . 

0.67 

0.94 

l" 

8 

0.72 

0.66 

0.61 

0.92 

■X  ' 

.  10 

0.66 

0.60 

0.54 

0.90 

12 

0.61 

0.53 

0.45 

0.83 

V.  ’ 

14 

0.56 

0.48 

0.42 

0.87 

16 

0.52 

0.43 

0.37 

0.85 

.  :V 

v- 

18 

0.48 

0,39 

0.33 

0.84 

20 

0.44 

0.36 

0.29 

0.82 

22 

0.40 

0.33 

0.24 

0.30 

24 

0.37 

0.28 

0.20 

0.78 

V 

% 

Table 

II 

v\ 

Transmission  Factors 

of  7x50  Binoculars 

Coated  with  Metallic 

Fluoride  Films.* 

Number 

Film  Material 

Left  Barrel 

Right  Barrel 

1010 

Magnesium  fluoride 

0.71 

0.72 

1023 

Magnesium 

fluoride 

0.73 

0.72 

1009 

Calcium  fluoride 

0.74 

0.72 

1028 

Calcium  fluoride 

0.72 

0.00 

972 

Gryolite 

0.75 

0.71 

1006 

Cryolite 

0.72 

0.71 

Transmission  by  uncoated  binoculars  -  0.55 


*  These  data  w ere  provided  by  the  Optical  Shop,  '•  Washington 
Navy  Yard. 
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Table  III 


Properties  of  Metallic  Fluorides . 

Solubility 


\i . 

Name 

Formula 

n  ,  n 
o’  e 

Melting 
Point,  °C. 

Boiling 

Point 

in  grams 
per  100  cc 
cold  vrater 

Hard¬ 

ness 

Magnesium 

fluoride 

MgFg 

1.378,  1.39 

1396 

2239 

0.0076 

5 

Calcium 

fluoride 

CaFp 

1.434 

1360 

- 

0.0016 

4 

Sodium 

aluminum 

fluoride 

3NaF*AlF3 

1.364 

1000 

si.  s. 

2.5 

These  data  are  from  the  Handbook  of  Chemistry  and  Physics  (Chemical 
'Rubber  Co.),  23rd  ed.,  p.  360  ff. 


The  hardness  scale  is:  1  Talc 

2  Rock  salt 

3  Calcite 

4  Fluorite 

5  Apatite 


6  Feldspar 

7  Quartz 

8  Topaz 

9  Corundum 
10  Diamond 


APPENDIX  A 


SOURCES  OF  SUPPLY 

A.  Metallic  Fluoride  Powder 

Eiraer  and  Amend,  Rev:  York,  I.'.Y. 

Baker  1  Co.,  Phillips  bur  j,  II.  J. 

B.  Platinum  and  other  metals  for  filaments 

Baker  1  Co. 

American  Platinum  "forks,  Newark,  N.J. 

C.  Oil  DifTusion  Pomps 

Distillation  Products  Co.,  Rochester,  N.Y. 

D.  Mechanical  Pimps 

Central  Scientific  Co.,  Chicago,  Ill. 

Kinney  ;.;fcr.  Co.,  Boston,  Mass'. 

Beach-Russ,  Naw  York,  1  .Y. 

And  others  listed  in  Thomas 1  Register  of  Amur icon  Manufacturers . 
Vacuum  './axes .  Oils  and  'r eases 


Octoil 

Celvacene 


Distillation  Products  Co. 


Apiezon  wax 

"Q"  sealing  compound  y  James  Biddle,  Philadelphia. 

Apiezon  stopcock  'roase  ; 

Pice  in  wax  i 


Glyptal  lacquer  -  oral  Electric  C : . 

Cello  seal  stopcock  :v  -use  -  Fischer  1  Co.,  Pittsburgh. 

**•  ,^ell  Jars 

Central  Scier.  .i.'ic  Co. 
timer  and  Amend 
Chicago  Ap"arr ' f.->. 
and  others. 


(Continued) 
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Photograph  through  two  glass  plates 
coated  with  Mg  F2  over  the  central  area. 


Photographs  of  500  watt  light  witl 
zeiss  f?4  planar  lens,  8  surfaces 
Lefts  Uncoated,  Eight?  Coated  witl 


PHASE  PEL  AT/ON  BETWEEN 'WAVES  REFLECTED  FROM 
TEE  FRONT  AND  BACK  SURF  A  CES  OF  A  THiN  FILM. 


OPTICAL  PATH  OF  (l)  * AB + BF +  FH'> 

OPTICAL  PATH  orfZ)™  AB  +  ry  ( BC  +  qE)  +  eg. 

(2)-(l)  -  ry  (aC+CE)-BF. 

DRAW  BO  PERPENDICULAR  TOCEJ  THEN  BP  «  Ttf(OE). 
DROP  A  PERPENOIC  ULAR  FROM  B  AMO  EXTEND  JEC 
TO  B'  SO  THAT  Zt  AND  B'C*  BC. 

THEN  (z)-(t)  »  jy  [«C  +(CE~DE%*  n/s'C  +CO)  -71/  (b'D) 

•  Z  Tt/fc  c  03.  V. 


\ 


PLATE  3 


T/TANSM/GS/OM  BY  Mg  Fz  F/LMS 


PLATE  4 


*OOOr 
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PURPLE 


~r  (daylight) 


t  (daylight) 

purple  0.90 

blue  o.e+ 


wave-length 


TRAN’S  MISSION  BY  Mf  P^  PI  LUG. 
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